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(Received for publication, January 21, 1949) 


The esterification of orthophosphate has been convincingly demonstrated 
to be coupled with the passage of electrons through the hydrogen trans- 
port system (1). The nicotinamide and flavin nucleotides are closely re- 
lated structurally to the adenosine polyphosphates; they might well par- 
ticipate directly in aerobic phosphorylation. The following investigation 
was undertaken to study the rate of phosphate turnover in these nucleo- 
tides after incubation of a respiring liver homogenate with radioactive 
orthophosphate. The separation of adenylic acid (AA), adenosine tri- 
phosphate (ATP), diphosphopyridine nucleotide (DPN), flavin mono- 
nucleotide (FMN), and flavin-adenine dinucleotide (FAD) from each other 
by ordinary chemical means is extremely difficult, especially on a small 
scale. We therefore took recourse to the more specific separations obtained 
by paper chromatography. The separations so obtained were adequate 
to allow rough estimations of relative specific activities of most of these 


components. The data presented provide strong evidence for the view that 
the flavin nucleotides participate in the phosphorylation which is coupled 
with the hydrogen transport system. 


Methods and Materials 


Healthy young rabbits, free of coccidiosis, were killed by decapitation. 
After careful removal of connective tissue, the livers were homogenized in 
the cold in a steel homogenizer with 2 volumes of 1 per cent potassium 
chloride, according to the procedure of Potter and Elvehjem (2), and with 
enough dilute sodium bicarbonate to maintain the final pH near 8. To 
100 ml. of the cold homogenate in a 500 ml. Erlenmeyer flask were added 
2 ml. of 0.1 m MgCh, 40 ml. of 0.05 m bicarbonate buffer of pH 7.8, 4 ml. 
of 0.25 m sodium L-glutamate at pH 7.8, and 6 ml. of 1 m NaF. This 
mixture was incubated for 2 minutes at 30° under vigorous aeration with 
95 per cent O2-5 per cent CO, mixture in order to use up any orthophos- 
phate present; then 10 um of phosphate buffer of pH 7.8 containing 0.4 
me. of radioactive NazHPO, (equivalent to 1.2 X 10% impulses per minute 
in the counter used) were added. The incubation and aeration were con- 
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2 AEROBIC PHOSPHORYLATION 


tinued 5 minutes more, the flask contents were then chilled, and the re- 
action was stopped by the addition of 30 ml. of ice-cold 50 per cent tri- 
chloroacetic acid. The precipitate was filtered off at 0°, and 10 ml. of the 
filtrate were removed for the subsequent determination of specific activ- 
ity of ATP. The remainder of the filtrate was extracted three times with 
100 ml. of ether to remove the trichloroacetic acid, and the pH was cau- 
tiously adjusted to about 4.5 with 2 Nn NaOH. The opalescent yellow 
solution was saturated with solid ammonium sulfate, refiltered, and ex- 
tracted with 5 ml. of water-saturated phenol according to the procedure of 
Crammer (3). The intensely yellow-colored phenol layer, containing the 
flavin and pyridine nucleotides and small amounts of ATP, was drawn off, 
and the solution was extracted twice with 5 ml. portions of phenol. The 
pooled phenol extracts were centrifuged at high speed for 10 minutes. The 
clear phenol solution, which could be conveniently drawn off by means of 
a large syringe, was washed with a mixture of 4 parts of saturated ammo- 
nium sulfate solution and 1 part of saturated potassium acid phosphate solu- 
tion in order to dilute any remaining traces of radioactive orthophosphate. 
After separation by centrifugation, the phenol was again washed with 
saturated ammonium sulfate, and after high speed centrifugation, was 
carefully drawn off and transferred to a 200 ml. separatory funnel. The 
phenol-extracted nucleotides were then transferred to water by adding 
10 volumes of peroxide-free ether and shaking with very small portions of 
water until the water extracts were colorless. The combined water ex- 
tracts were dried on a watch-glass in vacuo over sulfuric acid. Just before 
analysis, they were redissolved in 0.2 ml. of water. 

The procedure used for partition chromatography closely followed that 
originally employed by Consden, Gordon, and Martin (4) for the analysis 
of amino acid mixtures. Strips of Munktell’s No. 8 filter paper 1.5 cm. 
wide and 50 cm. long were treated with 6.6 ul. of the test solution accurately 
measured with a calibrated micro pipette (5). The strips were hung in 
chromatograph chambers which were kept in the dark in rooms of uni- 
form temperature. The following solvents were employed: (a) n-butanol- 
acetic acid as described by Crammer (3); (b) n-butanol-phenol (equal parts 
saturated with water); (c) 95 per cent pyridine; (d) phenol (water-saturated 
and containing 0.5 per cent 8-hydroxyquinoline); and (e) 2,4,6-collidine 
(water-saturated). Other solvents tested but found ineffective were di- 
methylaniline and furfural. When the solvent had travelled to within a 
few cm. of the end, the strips were removed and allowed to dry overnight 
in a gentle air-stream. 

The location of the flavin nucleotides was observed by illuminating the 
strips under a “black light”? mercury lamp. The areas showing a yellow- 
green fluorescence were outlined with pencil. Since the fluorescence of the 
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flavins is strongly quenched by small amounts of phenol, strips which were 
chromatographed with this solvent had to be washed repeatedly with xylol 
and finally with petroleum ether in order to develop the fluorescence. 

For quantitative estimation of the flavins and their photodecomposition 
products on the paper, a fluorometric adaptation of the “lumiflavin” 
method of Warburg and Christian (6) was used. Segments of the strips 
1 cm. wide were treated with 1 ml. of water and 2 ml. of 2 Nn NaOH in 
ordinary test-tubes and subjected to strong illumination by sunlight or by 
a photo lamp for 1 hour, with care to avoid dispersion of the cellulose in the 
alkaline solution by unnecessary handling. Similar segments from ‘“empty”’ 
portions of the strip were added to the blank and to a standard contain- 
ing 2 y of riboflavin, which were treated in the same manner as the un- 
known samples. The samples were then made acid with 3 ml. of 2 nN HCl, 
and the paper segments drained and discarded. The lumiflavin in the 
samples was extracted into 5 ml. of chloroform by vigorous shaking for 1 
minute. After separation, the water layer was drawn off by suction. The 
blue-green fluorescence was read against the blank and the standard in a 
Beckman spectrophotometer with fluorometer attachment, with the blue- 
sensitive photocell, a 5 mm. lamp housing aperture, and with both the 
yellow ultraviolet opaque filter and a Corning No. 4308 filter in place. 

Compounds containing adenine were located by measurement of the 
ultraviolet absorption of extracts of the segments at 260 my in the Beck- 
man spectrophotometer. For the extraction, segments 1 cm. wide were 
treated with 5 ml. of 1 n HCl, and heated for 10 minutes at 100°. The 
absorption coefficient of adenine at 260 my was assumed to be 105 per mg. 
per ml. (7). Since phenol and pyridine seem to be firmly bound by the 
paper even after drying, stripstreated with these solvents had to be washed 
in xylol repeatedly and then in petroleum ether before measuring the 
ultraviolet absorption. Even so, the basal absorption coefficients due to 
these solvents in the extracts were frequently very large. In the case of 
collidine chromatograms, estimation of the adenine absorption was im- 
possible because of the very high solvent absorption. 

The distribution of total phosphorus on the strips was measured by ash- 
ing segments of the paper moistened with a drop of dilute alkali in an oven 
at 300° for several hours. The residue was dissolved in 1 ml. of 2 nN sul- 
furic acid and boiled 10 minutes to decompose any pyrophosphate formed. 
Orthophosphate was determined according to the micromethod of Beren- 
blum and Chain (8). 

The localization of DPN on the strips was accomplished in two ways. 
In the first, the strips were cut into 1 em. sections; each section was clipped 
into pieces about 4 sq. mm., and then transferred to a Warburg flask for 
determination of fermentation capacity according to the method of Axelrod 
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and Elvehjem (9). To control the recovery from the strip, 6.6 yl. of the 
original test solution were added to one flask. Recoveries were never under 
80 and usually about 90 per cent. The fermentation was compared with 
that produced by a known sample of DPN of approximately 50 per cent 
purity. 

The second procedure was the fluorometric method of Robinson et al. 
(10), applied to 1 cm. sections of the paper strips suspended in 1 ml. of 
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Fic. 1. The migration patterns of the phenol-soluble rabbit liver nucleotides 
after chromatography with the n-butanol-acetic acid mixture described in the 
text. The values for P® are expressed as impulses per minute; all other data are 
expressed as micrograms. 


water. The presence of paper containing traces of solvents did not inter- 
fere. The fluorescence of the flavins could be minimized by strong irradia- 
tion during the alkaline incubation. The fluorescence was measured 
against a standard quinine solution in a Beckman spectrophotometer with 
the fluorometric attachments previously mentioned. The method was 
standardized against a known solution of N'-methylnicotinamide. The 
data obtained by both methods are expressed in terms of micrograms 
of N'-nicotinamide. 
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The radioactivity on the paper was determined in the apparatus described 
by Lindberg and Hummel (5), having a window dimension of 5 X 15 mm. 
For determination of the specific activity of ATP, the following procedure 
was used. An aliquot of 10 ml. from the incubated and trichloroacetic 
acid-fixed filtrate was treated with 0.5 ml. of 1 m KsHPO,, 1 ml. of 1 m 
MgCl:, and 1 drop of phenolphthalein. Sufficient 2.5 per cent ammonia 
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Fic. 2. The migration patterns of the phenol-soluble rabbit liver nucleotides 
after chromatography with the n-butanol-phenol mixture. The values are ex- 
pressed as in Fig. 1. 


solution was added to produce cloudiness. After shaking for 1 hour, the 
precipitate became crystalline, whereupon sufficient ammonia was added 
to make the solution alkaline to phenolphthalein. After filtration, the 
solution was again treated with 1 ml. of 1 m MgCl, and the crystallization 
was completed in the cold. The 7 minute-hydrolyzable phosphate and 
remaining orthophosphate were determined in aliquots of the refiltered 
solution made 1 n with hydrochloric acid. 

For determination of the radioactivity in the 7 minute-hydrolyzable phos- 
phate and in the orthophosphate, two other aliquots were taken from this 
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filtrate. One was hydrolyzed for 7 minutes in 1 N HCl, then made alkaline 
with ammonia, and precipitated with NazHPQ, and “Fiske solution,” as 
described by Lindberg (11). The other aliquot was precipitated directly 
with sodium phosphate and Fiske solution. When crystallization was 
complete, the crystals were filtered off, washed with 2.5 per cent ammonia, 
after which they were dissolved directly from the filter paper with 0.1 n 
HCl, and diluted to a given volume. Of this solution, aliquots were taken 
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Fre. 3. The migration patterns of the phenol-soluble rabbit liver nucleotides 
after chromatography with pyridine. The values are expressed as ip Fig. 1. 


for crystallization with NazHPQO, and Fiske solution as above. The crys- 
tals thus obtained were filtered into small aluminum dishes and dried. 
The purpose of these repeated crystallizations was to avoid, as much as 
possible, any contamination by orthophosphate with a high specific ac- 
tivity. 

Since the dimensions of the Geiger-Miiller tubes used here were differ- 
ent from those used with the chromatograms, suitable corrections had to 
be made (5). Under the conditions used, samples on aluminum dishes 
gave values 10 per cent greater than those from the paper strips. 
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Pure preparations of some of the nucleotides were chromatographed with 
those solvents which gave more satisfactory separations in order to estab- 
lish their migration constants. ATP was prepared by the method of Need- 
ham (12) as modified by DuBois et al. (13), DPN by the method of Sumner 
et al. (14), FAD by the method of Warburg and Christian (6, 15), and FMN 
by the method of Theorell (16) from old yellow enzyme as prepared by 
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Fic. 4. The migration patterns of the phenol-soluble rabbit liver nucleotides 
after chromatography with phenol. The values are expressed as in Fig. 1. 


Warburg and Christian (17). The AA used was prepared in Dr. J. O. 
Parnas’ laboratory in Lwow. The radioactive orthophosphate was ob- 
tained from the United States Atomic Energy Commission. 


Results 


With the butanol-acetic acid mixture recommended by Crammer, the 
radioactivity was concentrated in two main fractions having mobilities of 
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0.05 and 0.35 respectively, as shown in Fig. 1. The location of the slower 
moving fraction coincided with the position of compounds containing 
flavin and adenine as determined by fluorometry and absorption spectrum 
respectively. The position of the N‘-nicotinamide fraction was slightly 
different. This solvent is therefore unsuitable for clear separations of 
different nucleotides. Similarly, the butanol-phenol mixture did not give 
sufficient migration of the nucleotides to allow any separation, as shown in 
Fig. 2, although the position of the radioactivity at Rr 0.08 coincided with 
the positions for flavin, N!-nicotinamide, and adenine. 
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Fig. 5. The migration patterns of the phenol-soluble rabbit liver nucleotides 
after chromatography with 2,4,6-collidine. The values are expressed as in Fig. 1. 


Pyridine, although strictly speaking not valid as a solvent for partition 
chromatography, since it is freely miscible with water, nevertheless gave a 
diffuse but significant separation of the flavin nucleotides from the adenine 
and nicotinamide fractions (Fig. 3). The high radioactivity in the slower 
band at Ry 0.03 is doubtless due to ATP in part. A small but significant 
peak in the radioactivity at Ry 0.15 corresponded to the position of the 
flavin components. A strong adenine band of high mobility was found at 
Ry 0.65, which had no associated radioactivity. Since pyridine has a 
marked alkaline reaction, possible destruction of some of the components 
should be kept in mind. 

Phenol proved to be one of the most useful solvents for separation of 
the different nucleotides, despite its quenching effect on flavin fluorescence. 
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As can be seen in Fig. 4, two distinct peaks of radioactivity were obtained, 
one of which corresponds to the ATP fraction at Ry 0.39, and one to flavin- 
adenine dinucleotide at Ry 0.76. On the other hand, no radioactivity was 
found in the positions corresponding to the FMN or AA fractions. The 
N'-nicotinamide band at Rr 0.83 was discrete from the flavin band, and 
contained no radioactivity. This was confirmed by cutting out the flavin- 
fluorescent area and measuring it under the counter. The adjacent region, 
which gave a strong DPN test by fermentation, contained little radio- 
activity. The adenine peak at Ry, 0.80, although slightly displaced, is 
probably associated with the cozymase. The phosphate content in this 
region was high and may reflect both the DPN fraction and other phos- 
phorylated components of unknown nature. Certainly the minute 
amounts of flavin present would contribute only immeasurably to the total 
phosphorus. 

Collidine also proved useful for the resolution of the flavin from the pyri- 
dine nucleotides. As seen on Fig. 5, the flavin fraction at Ry 0.72, which 
was associated with a strong radioactivity at Rr 0.70, was clearly separated 
from the DPN at Ry 0.46, which in this case appeared to have a migration 
similar to that of ATP, as shown by the high radioactivity at Rp 0.43. 

Liver homogenates incubated with 95 per cent N2-5 per cent CO, mix- 
ture but otherwise treated the same as those described above yielded chro- 
matographs which contained negligible amounts of radioactivity. This 
shows that esterification of phosphate by glycolytic processes was not a 
factor in the phosphate turnover of the nucleotides under these conditions, 


DISCUSSION 


In all cases, radioactivity was closely identified with the ATP. In 
addition, radioactivity was always found in the position of the FAD 
fraction, with all the five solvents used. Indeed, assuming that only one 
of the two phosphate groups of FAD has a high turnover rate, a calcula- 
tion based on the amount of flavin recovered from the phenol chromato- 
gram gave 3500 impulses per microgram of phosphorus per minute. The 
specific activity of the easily hydrolyzable phosphate of ATP in the same 
sample was approximately 5400 impulses per microgram of phosphorus per 
minute. The errors of the analytical methods do not permit an exact 
comparison of these specific activities, but since the values are roughly of 
the same order of magnitude, the participation of FAD in aerobic phos- 
phorylation is strongly suggested, although not necessarily proved. The 
mechanism by which the esterification of orthophosphate takes place re- 
mains a matter of conjecture. 

These data show that DPN did not take part in any phosphate exchange, 
since this fraction was independent of radioactivity in the phenol chromato- 
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grams. Moreover, the amounts of DPN present in the sample were very 
large compared with the amounts of FAD found, so that any uptake of 
P® should have been easily detectable. The turnover rate of DPN in 
vivo, however, may be appreciable, as suggested by the rapid assimilation of 
labeled orthophosphate into DPN by respiring yeast cultures (18). It is 
noteworthy that only DPN was found in these samples; other nicotinamide- 
ribose nucleosides or nucleotides could not be detected by the chemical 
fluorescence method employed. It seems unlikely that these nicotinamide 
derivatives should have the same migration constants as DPN in five dif- 
ferent solvents. A more plausible explanation for the absence of these 
simpler fragments is that the homogenate contains highly active degrada- 
tive enzymes which break down the nicotinamide-ribose moiety. 

The application of paper chromatography to the study of phosphate 
turnover may find wider application as more refined methods are discovered 
for the qualitative separation of nucleotides, sugar phosphates, and other 
phosphorylated intermediates. It affords the possibility of isolating 
hitherto unknown intermediates and may greatly simplify the study of 
functional oxidative phosphorylation. 


SUMMARY 


The phosphate turnover of various nucleotides in a concentrated re- 
spiring liver homogenate during incubation with radioactive orthophos- 
phate was investigated. A method is described for the extraction of the 
flavin nucleotides, pyridine nucleotides, and adenylic acid from a protein- 
free filtrate. The nucleotides so obtained were separated by means of 
paper chromatography with several different solvents. 

The flavin mononucleotide, pyridine nucleotides, and adenylic acid frac- 
tions contained no appreciable radioactivity. Only those fractions cor- 
responding to adenosine triphosphate and flavin-adenine dinucleotide were 
uniformly radioactive. The specific activity of flavin-adenine dinucleotide 
was large, suggesting that the flavin enzymes are intimately associated with 
aerobic phosphorylation. 


BIBLIOGRAPHY 


. Friedkin, M., and Lehninger, A. L., J. Biol. Chem., 174, 757 (1948). 

. Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 

. Crammer, J. L., Nature, 161, 349 (1948). 

. Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 
. Lindberg, O., and Hummel, J. P., Ark. Kemi, 1, No. 4 (1949). 

. Warburg, O., and Christian, W., Biochem. Z., 298, 150 (1938). 

. Hotchkiss, R. D., J. Biol. Chem., 175, 315 (1948). 

. Berenblum, I., and Chain, E., Biochem. J., 32, 295 (1938). 

. Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 181, 77 (1939). 


CON Oar WN 











—————$—_—_—_ _-- 


f- 





10. 


11. 
12. 
13. 
14. 
15. 
16. 
17. 





J. P. HUMMEL AND 0. LINDBERG ll 


Robinson, J., Levitas, N., Rosen, F., and Perlzweig, W. A., J. Biol. Chem., 170, 
653 (1947). 

Lindberg, O., Ark. Kemi, Mineral. 0. Geol., 23 A, No. 2 (1946). 

Needham, D. M., Biochem. J., 36, 113 (1942). 

DuBois, K. P., Albaum, H. G., and Potter, V. R., J. Biol. Chem., 147, 699 (1943). 

Sumner, J. B., Krishnan, P. S., and Sisler, E. B., Arch. Biochem., 12, 19 (1947). 

Warburg, O., and Christian, W., Biochem. Z., 298, 368 (1938). 

Theorell, H., Biochem. Z., 275, 344 (1935). 

Warburg, O., and Christian, W., Biochem. Z., 266, 377 (1933). 


. Lindahl, P. E., Malm, M., Strindberg, B., and Lagergren, B. M., Nature, 158, 
746 (1946). 





THE OXALACETATE DECARBOXYLASE OF AZOTOBACTER 
VINELANDII* 


By G. W. E. PLAUT anp HENRY A. LARDY 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison) 
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In 1941 Krampitz and Werkman (1) discovered an enzyme in Micro- 
coccus lysodeikticus which catalyzed the decarboxylation of oxalacetate. 
By means of an exchange reaction they were able to demonstrate the in- 
corporation of isotopic carbon dioxide into the 8-carboxyl group of oxal- 
acetic acid in the presence of this enzyme (2). Similar results were ob- 
tained by Evans, Vennesland, and Slotin (8) with an enzyme system from 
pigeon liver. Further studies on the Cs;—C, condensation have been re- 
viewed by Wood (4) and will, therefore, not be discussed here. 

The apparent importance of oxalacetate decarboxylase as one of the 
gateway enzymes for the fixation of carbon dioxide into compounds of the 
Krebs isocitric acid cycle made it of interest to attempt to purify this 
enzyme and to study some of its properties. The biotin content of the 
enzyme fractions at various stages of purity was determined in view of 
the recent implication of biotin in the metabolism of carbon dioxide (5-11). 

Lee, Burris, and Wilson (12) demonstrated that cell-free preparations of 
Azotobacter vinelandii have oxalacetate decarboxylase activity. Since this 
organism is easily grown on a large scale (13), cell-free extracts of this 
bacterium were used as the source material for this study. 


EXPERIMENTAL 
Purification of Enzyme 


Azotobacter vinelandit was grown on the nitrogen-free medium of Lee and 
Burris (13) in 250 liter quantities with vigorous agitation and aeration at 
30° in 100 gallon iron tanks. After 24 hours the cells were harvested with 
a Sharples centrifuge. Usually 400 to 600 gm. of cell paste were obtained. 
The bacterial centrifugate was suspended with vigorous agitation in 6 
liters of acetone at 5°. The suspension was filtered with suction. The 
filter cake, still wet with acetone, was resuspended in 6 liters of cold ace- 
tone with vigorous agitation. After filtration with suction the residue was 
placed in a vacuum desiccator containing calcium chloride and shaved 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
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paraffin and was dried at 10° in vacuo for 10 to 15 hours. In various runs 
100 to 150 gm. of dried cell powder were thus obtained. 

The progress of the purification was followed with the method subse- 
quently described for measuring enzymatic activity. Nitrogen was de- 
termined by a micro modification of the direct nesslerization procedure 
of Koch and McMeekin. All specific enzyme activities were expressed 
as microliters of CO, per 15 minutes per microgram of N at 30°. 

In a typical experiment the following procedure was used. 20 gm. of 
acetone-dried cells were ground to a fine powder and then stirred vigor- 
ously for 2 hours in 400 ml. of distilled water at 5°. The suspension was 
centrifuged in an angle head centrifuge at high speed at 5° until the super- 
natant was only faintly turbid. The supernatant enzyme solution had a 
specific activity of lul. of CO, per microgram of N. The residue was dis- 
carded and the solution was chilled in an ice bath and acidified with 1 n 
hydrochloric acid to pH 4.8. The heavy precipitate thus formed was cen- 
trifuged off at 5°. 300 ml. of a clear orange solution with a specific activ- 
ity of 7 ul. of COz per microgram of N was obtained with a yield of 80 
per cent of the enzyme activity. 

The acid solution was next treated at 5° with 240 ml. of approximately 
1 m copper hydroxide gel. After very gentle agitation for 5 minutes the 
suspension was centrifuged in the cold for 5 minutes. The supernatant, 
pH 5.8, contained practically no activity and was discarded. The copper 
precipitate was immediately suspended in 240 ml. of cold 0.1 m phosphate 
buffer of pH 6.8 and stirred for 10 minutes. The suspension was immedi- 
ately centrifuged in the cold. The light orange supernatant solution had a 
specific enzyme activity of 14 ul. of COs per microgram of N. The re- 
covery for the copper step was 50 per cent. However, the contact time 
with copper hydroxide during adsorption and elution had a profound effect 
on enzyme recovery and the purity of the final product. Longer adsorp- 
tion times led to loss of activity, while shorter contact with the copper gel 
was less effective in removing impurities. 

The eluate was dialyzed with rapid agitation against three changes of 
distilled water at 10° for 150 minutes and was subsequently lyophilized. 

The tan-colored powder was dissolved in 30 ml. of cold 0.01 m ammo- 
nium hydroxide. The turbidity which consisted mainly of residual copper 
hydroxide was centrifuged off and discarded. 

27 ml. of saturated ammonium sulfate! were added to 30 ml. of solution. 
Upon centrifugation in the cold the residue was discarded, since it had a 
specific activity of only 3 to 4 ul. of CO, per microgram of N and consti- 
tuted only 10 per cent of the eluate activity. The supernatant solution 


1 Saturated at room temperature (ca. 23°) and containing 0.02 mM ammonium hy- 
droxide. 
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was more completely saturated by the dropwise addition, with stirring, 
of 43 ml. of saturated ammonium sulfate solution. After centrifugation 
the supernatant solution was discarded, since it contained practically no 
activity. The residue was dissolved in 20 ml. of cold succinate-borate 
buffer, pH 6.8,? and dialyzed for 150 minutes with strong agitation against 
two changes of 8 liters of distilled water at 10°. The enzyme solution was 
lyophilized. The pink powder usually had a specific activity of 30 to 35 
ul. of COz per microgram of N and contained 50 to 60 per cent of the activ- 
ity present in the phosphate eluate of the copper hydroxide gel. 

The powder was dissolved in 20 ml. of cold 0.01 m ammonium hydroxide 
and 17 ml. of saturated ammonium sulfate were added. The low potency 
precipitate was discarded and the supernatant solution was more com- 
pletely saturated with 30 ml. of ammonium sulfate solution.! The resi- 
due obtained upon centrifugation dissolved completely in 20 ml. of succinate 
borate buffer, pH 6.8. Afterdialyzing for 150 minutes against two changes 
of 8 liters of distilled water at 10°, the solution was lyophilized. A pink 
powder with a specific activity of 40 to 80 ul. of COz per microgram of 
N was obtained. The yield in this step was 60 to 70 per cent. 


Method of Determination 


The procedure employed to test for oxalacetate decarboxylase activity 
was essentially a modification of that used by Straub (14) and Krampitz 
and Werkman (1). 

The reaction was carried out in Warburg vessels with two side arms. 
The enzyme solution, 0.01 ml. of 0.2 m MnSOu,, and sufficient 0.1 m buf- 
fer? at pH 6.8 to bring the final fluid volume to 3.0 ml. were placed in the 
main compartment of the vessels. The substrate (0.2 ml. of 0.1 m oxal- 
acetic acid) was placed in one side arm and 0.2 ml. of 10 N H2SO, in the 
other. Deviations from this mixture will be so indicated in the text. 
The oxalacetic acid was always dissolved in sufficient 0.134 n NaOH to 
give a final concentration of 0.1 mM oxalacetate. These solutions were pre- 
pared immediately before use and added to the flasks just before attach- 
ing them to the manometers. The flasks were incubated for 5 minutes at 
30° with the stop-cocks open, the stop-cocks were closed, and the equilibra- 
tion was continued for 10 minutes. At the end of this time the initial 
reading was taken. The substrate was then dumped into the main com- 
partment. The sulfuric acid was dumped from the other side arm 15 


* Succinate-borate buffer was prepared by mixing 500 ml. of 0.1 m sodium suc- 
cinate and 500 ml. of 0.1 m boric acid; the solution was adjusted to pH 6.8 by the 
addition of 0.1 n HCl. 

+All enzyme preparations were analyzed for free ammonia nitrogen and, when 
present, this was subtracted from the total nitrogen of the preparation. 
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minutes later to stop the enzymatic reaction and to liberate the carbon 
dioxide retained as bicarbonate by the buffer. The final readings were 
then taken. A boiled enzyme blank was run with all determinations to 
account for the chemical decomposition of the substrate. This blank 
value (identical with no enzyme blank) was subtracted from the total 
gas evolved. 

Previous investigators (14-20), particularly those working with animal 
tissues, have reported the presence of a ‘heat-stable’ substance which, 
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Fic. 1. Enzyme concentration-time relationship. X, activity versus quantity of 
enzyme; time, 15minutes; O, activity versus time; 1.0ml.of enzyme. Enzyme prepara- 
tion, extract of bacterial acetone powder; 0.00067 m Mn** present; temperature 30°. 


even after boiling, catalyzed the decomposition of oxalacetate. Such a 
material was never found in Azotobacter preparations. Crude cell extracts 
contained a trace of pyruvic decarboxylase activity which disappeared 
after the first purification step. 

The validity of the method as an assay procedure is demonstrated by the 
results in Fig. 1. There is a linear relationship between enzyme concen- 
tration and amount of gas evolved and likewise between time and gas 
evolved. Hereafter all activities quoted in this paper are expressed as 
microliters of CO: per 15 minutes at 30°. 
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Determination of the pH optimum revealed a wide range of maximum 
activity of the enzyme between pH 6.5 and pH 8. The chemical decom- 


position of oxalacetate increases in a linear fashion from pH 6 to pH 8.4 
(Fig. 2). 
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pH 
Fic. 2. Effect of pH on oxalacetate decarboxylation at 30°. Curve 1, chemical 
decomposition; Curve 2, net enzymatic decomposition. Specific enzyme activity, 
28 wl. of CO; per microgram of N per 15 minutes; 0.00067 m Mn** present. 


Activators 


Krampitz and Werkman (1) reported that magnesium and manganese 
were activators for the enzyme from Micrococcus lysodetkticus, while Evans 
et al. (3) found Mn** to be the activator of choice for the pigeon liver 
enzyme. Vennesland and Felsher (19) obtained an increase of parsley 
root enzyme activity by the addition of Mn** or Mg*. 
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In much of our earlier work 0.00067 m Mn** was used to activate the 
Azotobacter enzyme after it was found that this level allowed maximum 
enzyme activity (Table I). Several other metals were subsequently tested, 
Cot*+ (Tables I and II) and Zn** were found to be active, Mg** had slight 
activity, while Ni*+* and Fe** were inert (Table II). Zn**, Nit, and, 


TaBLe I 
Activation of Azotobacter Oxalacetate Decarborylase by Co** and Mn** 
Specific activity of enzyme, 14 ul. of CO, per microgram of N per 15 minutes. 
The data represent average values of two similar experiments. 





Concentration of activator 











Experiment No. | Activits 
MnSOx | CoCls 
| M M ul. CO: 
1 | 0.00067 156 
0.00201 156 
| 0.00335 167 
2 39 
| | 0.00017 222 
0.00034 204 
| 0.00067 200 
| 0.00067 196 
0.00067 0.00008 198 
| 0.00067 | 0.00017 212 
TaBLeE II 


Metal Activation of Oxalacetate Decarbozylase 
Incubated 15 minutes at 30°. The enzyme preparation was dialyzed against 
distilled water. Specific enzyme activity, 2 wl. of CO2, per microgram of N per 
15 minutes. 





Chemical decomposition Net enzymatic decomposition 





Activator | 
ul. COs ul. COs “a 
Tle sep eRe mete 62 21 
el Ve! 62 203 
0.00017 “ Cot+.............. | 60 225 
0.00067 “ Znt++......2.......| 152 158 
Ce Mis cc iiedies cc] 63 56 
i lad Faia oa 101 27 
0.00067 “ Fet*.............. 63 22 





in higher concentrations, Cot* increased the rate of chemical decomposi- 
tion. 


Inhibitors 
Utter and Wood (21) demonstrated that adenosine triphosphate (ATP) 


increased the fixation of CO, into oxalacetate by pigeon liver extracts. 
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Vennesland et al. (20) purified this enzyme of pigeon liver. In agreement 
with Utter and Wood they obtained a stimulation of carbon dioxide fixa- 
tion in the presence of ATP and also observed an inhibition by triphos- 


TaB_e III 
Effect of Adenylic Acid upon Azotobacter Oxalacetate Decarbozylase 
Specific enzyme activity, 1 ul. of CO, per microgram of N per 15 minutes. 























Buffer system Additions Activity 
- aie hide ul. COs per ml. 
enzyme 
0.1 m phosphate, pH 6.8............ None 108 
0.1 “ = al | SRN te 0.002 m muscle adenylic acid 110 
0.1 “ succinate-borate, pH 6.8...... None 1650 
a * = “ 6.8......| 0.002 m muscle adenylic acid 1620 
100 _ 
ae 
75 L 
b 
* 
z 
iS) 
= 50 
fea) _ 
= Le} 
r= 3 
ae 
25 
0 l ‘ 
0 0.01 0.02 


MOLAR CONCENTRATION OF INHIBITOR 


Fic. 3. Inhibition of oxalacetate decarboxylase. 0.1 m succinate-borate buffer 
pH 6.8, and 0.00067 m manganous sulfate. @, pyrophosphate; A adenosine tri- 
phosphate; O, orthophosphate; A, L-malate. 


phopyridine nucleotide. The decarboxylating activity of pigeon liver was 
found to be inhibited by ATP and stimulated by triphosphopyridine 
nucleotide. 
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It seemed possible from the foregoing that adenylic acid, acting as phos- 
phate acceptor, might stimulate the rate of decarboxylation of the Azoto- 
bacter enzyme. This was found not to be the case. The possibility was 
next considered that the stimulating activity of adenylic acid could be 
demonstrated in the presence of low phosphate concentrations. The 
0.1 m phosphate buffer of pH 6.8 which had been used in the studies up to 
that time was, therefore, replaced by a 0.1 m succinate-borate buffer of pH 
6.8.2. No increase in activity due to adenylic acid was observed. These 
experiments are summarized in Table IIT. 

When the activity of the same enzyme preparation was compared in the 
two buffers, it was 15-fold higher in the succinate-borate buffer. This ob- 
servation pointed to the possible inhibition of the enzyme by phosphate. 
Increasing quantities of phosphate were added to the system in succinate- 


TaBLe IV 
Effect of Activators on Phosphate and Malate Inhibition 


Specific enzyme activity, 14 ul. of CO, per microgram of N per 15 minutes. The 
data are average values of two similar experiments. 














Concentration of activator | 
Inhibitor | Activity 
MnSOx CoCls 
M | M | pl. COs 
ee a aan | 150 
0.0067 m phosphate............. 0.00067 | 7 
6 | 0.00017 183 
0.0067 m phosphate............. | 0.00017 | 179 
eee 0.00067 | 34 
— = | | 


0.00017 | 42 





borate buffer. Fig. 3 shows the inhibiting effect of varying levels of phos- 
phate. That succinate-borate is not stimulating was shown by the fact 
that its addition, at a level of 0.017 m, to a predominantly phosphate buf- 
fer system caused no increase in decarboxylating activity. 

It seemed possible that the inhibition by phosphate was caused by a 
binding of the activator, manganese. Increasing quantities of manganous 
sulfate, up to 0.00335 m, were added to a system containing a constant small 
concentration of phosphate and a constant quantity of enzyme. No en- 
hancement of activity resulted when the manganese level was increased. 

It had been found in the meantime that Cot activated the enzyme in 
lower concentrations than did Mn++. When Co++ was used as an acti- 
vator, phosphate was found not to inhibit the enzymatic decarboxylation 
of oxalacetate (Table IV). 

Upon the addition of increasing amounts of Co*+ to a system containing 
constant amounts of Mn** and phosphate, a progressive reversal of inhi- 
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bition was found (Fig. 4). When these data were plotted in the manner 
customary for a competitive inhibition, a straight line was obtained (Fig. 5). 

If the phosphate inhibition in the presence of Mn** were merely caused 
by a binding of manganese by phosphate, one would have expected a com- 
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Fig. 4. The reversal of orthophosphate inhibition by Co**. Curve 1, no ortho- 
phosphate or Mn++; Curve 2, 0.0067 m orthophosphate and 0.00067 m Mn**. Aque- 
ous extract of bacterial acetone powder. The data are averages of two experi- 
ments. 


plete reversal of inhibition upon the addition of a small yet maximally 
activating quantity of Cot+. The progressive nature of the reversal by 
increasing amounts of Co*++ points to the formation of an inactive phos- 
phate-manganese-enzyme complex. Apparently Cot*+ competes with the 
manganese-phosphate complex for the same place of attachment on the 


enzyme. 
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An attempt was made next to ascertain whether this inhibition was also 


of the substrate competitive type. Oxalacetate concentrations from 0.0017 ~ 


M to 0.0303 mM were employed in assays with a constant phosphate concen. 
tration (Table V). Although the data are variable, there is no consistent 


0 i efi i i j 1 i 


0 5000 1 


(Eo) 

Fic. 5. The competitive reversal of orthophosphate inhibition by Co**. The 
experiment is identical with that shown in Fig. 4. The reciprocal of the velocity, 
v, is plotted against the reciprocal of Co*+ molarity. The velocity is expressed 
in microliters of CO, per 15 minutes. 











TaBLe V 
Effect of Varying Concentrations of Oxalacetate upon Phosphate Inhibition 


Specific activity of enzyme, 5.5 ul. of CO: per microgram of N per 15 minutes. 
The data are averages of six experiments. 














Oxalacetate | Inhibition by 0.0067 « phosphate 
M per cent 
0.0017 46.0 
0.0025 | 52.0 
0.0034 55.4 
0.0067 46.0 
0.0101 40.5 


0.0303 52.0 


trend which would indicate a competitive type of inhibition. ‘The enzy- 
matic rate of decarboxylation was constant over the substrate concentra- 
tion employed, while the chemical decomposition increased with rising 
oxalacetate. The latter is in keeping with observations of Straub (14) and 
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Ochoa et al. (22) that the chemical decarboxylation follows first. order 
kinetics. Concentrations lower than 0.0017 m and higher than 0.0303 m 
oxalacetate were not employed, since the former provided too little gas for 
accurate measurement and in the latter case the large chemical evolution 
of carbon dioxide made it difficult to determine the enzymatic reaction with 
accuracy. 

ATP was found to be about twice as active an inhibitor of the Azoto- 
bacter enzyme as the same molar concentration of orthophosphate (Fig. 3). 
Of the various phosphorus compounds tested, pyrophosphate was the most 
effective inhibitor of the enzyme (Fig. 3). The inhibition by pyrophos- 
phate is not the result of breakdown of this compound to orthophosphate, 
since the inhibition caused by the former is always more than twice as 
large as that caused by an equimolar concentration of orthophosphate. 
The enzyme does not exhibit apyrase activity. 


TaBLe VI 
Increasing Concentrations of Oxalacetate versus Malate Inhibition 


Specific enzyme activity, 7 ul. of CO, per microgram of N per 15 minutes. The 
data are averages of two experiments. 





ha 








Oxalacetate } Inhibition by 0.0101 « malate 
oe a = = 

0.0034 | 53.9 

0.0067 41.0 

0.0134 56.8 


0.0268 | 54.5 


Lwoff et al. (23, 24) observed that the oxalacetate decarboxylase activ- 
ity of resting cell suspensions of Moraxella lwoffi is inhibited by malate. 
Ochoa and Weisz-Tabori (25) found malate to inhibit the decarboxylase of 
Micrococcus lysodeikticus and of pigeon liver. Malate retarded the activity 
of the enzyme from Azotobacter (Fig. 3). The inhibition could not be com- 
petitively reversed by the addition of increasing quantities of substrate 
(Table VI). The extent of inhibition was the same in the presence of 
Mn+ or Co+* (Table IV). 

Evans et al. (3) reported the complete inhibition of pigeon liver oxalace- 
tate decarboxylase by 0.01 m malonate. The Azotobacter enzyme was not 
inhibited by this concentration of malonate. 


Carbon Dioxide Fixation 


Exchange reactions of NaHCO; and oxalacetate in the presence of the 
Azotobacter enzyme were carried out according to the technique described 
by Krampitz et al. (2). 
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In all-cases the amount of carbon dioxide fixed in oxalacetate was ex- 
ceedingly small; in no case did it constitute more than 0.113 per cent of 
the 8-carboxyl carbon of the remaining oxalacetate. The fixation was not 
increased by 0.004 m ATP, 0.0067 m phosphate, 0.0067 m pyruvate, or 
0.00067 m fumarate, either alone or in combination. The degree of fixa- 
tion of the crude bacterial extract (specific activity, 1 yl. of CO» per micro- 
gram of N) was of the same order of magnitude as that of a purified prep- 
aration (specific activity, 80 ul. of CO2 per microgram of N). 





TaBLe VII 
Biotin Content versus Enzymatic Activity (Fractionation $2) 
y 

| : Phosgene- 
ar a Specific enzyme} Untreated gene 
Fraction Description of sample +e treated 

} activity | hydrolysate - 2 

| y hydrolysate 








: , ‘mugm. biolin per mugm. biotin per 
ul. COz per y N | 100 wl. CO: 100 pl. COs 


A | Crude bacterial extract 


0.5 1.94 
B_ | Acid-treated bacterial extract 4.0 1,35 1.51 
D | Phosphate eluate of copper hydrox- 8.2 1.05 
| ide 
F | Residue from 2.4 M ammonium sul- 3.7 8.76 8.07 
fate 
G Residue from 3.4 M ammonium sul- 14.0 0.79 1.03 
fate | 
I Residue from 2.4 M ammonium sul- | 3.6 2.34 2.32 
| fate (refractionation of Fraction | 
G) | 
= Residue from 3.4 M ammonium sul- 35.3 0.73 0.78 
fate (refractionation of Fraction 
G) 


Enzyme Activity and Biotin Content 


The biotin content of some of the samples obtained during the fractiona- 
tion of the Azotobacter enzyme was determined. Lactobacillus arabinosus 
was used as the test organism according to the method of Wright (26). 
The fractions were hydrolyzed by autoclaving at 15 pounds pressure for 
2 hours in 2 n sulfuric acid to liberate bound biotin from the protein. 

The results obtained (Table VII) seem to indicate that there was no in- 
crease in biotin concentration with respect to activity as a result of an in- 
crease in enzyme purity. It was found that the purest fraction described 
in Table VII, 32J, contains 0.017 mole of biotin per 100,000 gm. of protein 
(assuming a nitrogen content of 16 per cent). There was no increase in 
biotin activity upon treatment of hydrolysates with phosgene under the 
conditions of the Schotten-Baumann reaction, indicating that the samples 
contained no biotin diaminocarboxylic acid (Table VII). Control experi- 
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ments with pure biotin diaminocarboxylic acid‘ resulted in almost quanti- 
tative conversion to biotin following treatment with phosgene. 


DISCUSSION 


In initial studies on the purification of this enzyme it was found that 
fractional precipitation with solvents or salts of the original or acid-treated 
aqueous bacterial extract did not yield fractions of increased purity. This 
behavior suggested that the enzyme may be attached to some inert mate- 
rial. Since the extracts gave a positive Molisch test, it seemed possible that 
the enzyme might be associated with a polysaccharide. Herriott (27), work- 
ing on the purification of swine pepsinogen, removed the enzyme protein 
from accompanying carbohydrates by adsorption on copper hydroxide gel 
and by elution with phosphate buffer. When this method was applied to 
the decarboxylase, the eluate still gave a positive Molisch test but it was 
now possible to increase appreciably the purity of the enzyme in the eluate 
by salt fractionation. The purified decarboxylase preparation from Azoto- 
bacter which has an activity of 40 ul. of COz per 15 minutes per microgram 
of N is approximately 30 times as active as the purest fraction obtained 
from Micrococcus lysodetkticus (28) and 83 times more active than the 
pigeon liver preparation (20). 

The competitive reversal by Co** of the inhibition caused by phosphate 
in the presence of Mn** indicates the existence of an inactive phosphate- 
manganese-decarboxylase complex. It seems possible that the Cot* com- 
petes with the phosphate-manganese complex for the same point of at- 
tachment on the enzyme. These observations are reminiscent of the in- 
hibition of enolase by a magnesium-fluorophosphate complex (29). A 
similar inhibition of phosphoglucomutase has recently been reported by 
Najjar (30) in which the inhibitory agent is a complex of magnesium- 
fluoro-glucose-1-phosphate. 

The apparent lack of carbon dioxide fixation into oxalacetate by the 
Azotobacter enzyme may be due to the fact that it only catalyzes the reac- 
tion 


Oxalacetic acid = pyruvie acid + CO, 


The equilibrium of this reaction is so far in the direction of decarboxyla- 
tion (K = 4.9 X 10° (3)) that it is impossible to demonstrate the exchange 
of carbon dioxide. The demonstrated ability of extracts of Micrococcus 
lysodetkticus and pigeon liver to incorporate carbon dioxide into oxalacetate 
must be ascribed to the presence of coupling enzymes in these preparations. 
Even the purified pigeon liver enzyme of Vennesland et al. (20) is probably 


‘ We appreciate a gift of this compound from Dr. D. B. Melville and Dr. V. du 
Vigneaud. 
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still an enzyme system rather than a single carboxylase. In this con- 
nection it is of interest that. Ochoa (22) has proposed that the ‘‘malic” 
enzyme is either a single enzyme or a “functional enzyme unit.”’ 

It is tempting to speculate that oxalacetate decarboxylase may act as 
the common gateway enzyme for the fixation of carbon dioxide into di- 
carboxylic acids in conjunction with different coupling enzymes, such as 
transaminase, citrogenase, etc. The coupling reaction may then supply 
the necessary energy for the endergonic fixation of CO, with pyruvate (9). 


SUMMARY 


1. The oxalacetate decarboxylase of Azotobacter vinelandii has been 
purified 40- to 80-fold from aqueous extracts of bacterial acetone powder. 

2. The enzyme was activated by Mn**, Co**, Zn**, and slightly by 
Mgt*. Orthophosphate, pyrophosphate, and ATP were shown to in- 
hibit the enzyme in the presence of Mn*+*. Malate inhibited when Mn++ 
or Co** was used as activator. Orthophosphate failed to slow the rate of 
enzymatic catalysis when Co** was used for activation. The inhibition 
by orthophosphate in the presence of Mn** was competitively reversed by 
the addition of increasing quantities of Cot. 

3. Fixation of carbon dioxide in appreciable quantities into oxalacetate 
could not be shown with the Azotobacter enzyme. 

4. There was no increase in biotin concentration with respect to activ- 
ity as a result of an increase in enzymatic purity. The most highly puri- 
fied enzyme fraction which was assayed microbiologically for biotin ac- 
tivity was found to contain 0.017 mole of biotin per 100,000 gm. of pro- 
tein. 


We are indebted to Professor R. H. Burris, who first pointed out Azoto- 
bacter as a source of oxalacetate decarboxylase, for cultures of Azotobacter 
vinelandii. We also wish to thank Dr. R. L. Potter and Miss K. L. Arm- 
strong for performing the microbiological assays for biotin. 
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AMINO ACIDS 
VI. THE OXIDATION OF SALTS OF 8-AMINO ALCOHOLS* 


By JOHN H. BILLMAN, EARL E. PARKER,+t ano WALTER T. SMITH} 


(From the Department of Chemistry, Indiana University, Bloomington) 
(Received for publication, April 1, 1949) 


In an earlier series of publications (1), it was shown that a-amino acids 
can be made from the corresponding 8-amino alcohols by first protecting 
the amino group of the alcohol with an acyl radical, before oxidizing the 
earbinol group, and then removing the acy] radical after the formation of 
the carboxyl group. 

A new method has been developed for producing a-amino acids from 
s-amino alcohols. This method consists in protecting the amino group 
of the 8-amino alcohol by converting it into a substituted ammonium ion 
before oxidizing the carbinol group to a carboxy] group. The substituted 
ammonium ions are prepared by adding an acid such as sulfuric acid to 
the 8-amino alcohols. The following series of reactions outlines the steps 
involved in the synthesis 


NH, NH;*SO;H- 
O 
R—CH—CH,OH + H,SO, — R—CH—CH,OH i. 
NH;*SO,H~ NH, O 


| 


| 
R—CH—COOH — R—CH—C—OH 


The four commercially available B-amino alcohols, 2-aminoethanol, 2- 
aminopropanol-1, 2-aminobutanol-1, and 2-methyl-2-aminopropanol-1, 
were each converted to the corresponding amino acid by the above pro- 
cedure. In all cases, the yields were somewhat below those obtained by 
the acylation method (1). However, this new method has some ad- 
vantages over the former one, in that fewer steps are involved, and it is 
less time-consuming. 

The most suitable oxidizing agent was found to be potassium per- 
manganate in an acidic medium. 


* The authors wish to thank Eli Lilly and Company for the grant which made this 
work possible, and James Vasil for his assistance in this work. 

{ Present address, Pittsburgh Plate Glass Company, Milwaukee, Wisconsin. 

t Present address, State University of Iowa, Iowa City, Iowa. 
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EXPERIMENTAL 


Glycine—To a solution containing 72.5 gm. of concentrated sulfuric 
acid in 600 ml. of water were added, with vigorous stirring, 18.3 gm. of 
pure 2-amino ethanol. Then, while the stirring was continued, 63.2 gm, 
of potassium permanganate were added at such a rate that the temperature 
of the mixture remained below 50°. About 1 hour was required to add all 
of the permanganate. 

The manganese dioxide, which formed during the oxidation, was re- 
moved by filtration and the filtrate was heated to boiling, and treated 
with a hot solution containing 170 gm. of barium chloride dihydrate dis- 
solved in 500 ml. of water. This mixture was digested for several hours 
and filtered. The filtrate was evaporated to dryness under reduced pres- 
sure, and two 20 ml. portions of water were added to the residue and re- 
moved each time under reduced pressure. The process was repeated with 
three 20 ml. portions of absolute alcohol. The residue was extracted with 
400 ml. of boiling 95 per cent alcohol and then with two more 100 ml. 
portions of boiling alcohol. Each extract was kept separate, cooled to 
room temperature, and filtered. 25 ml. of pyridine were added to the 400 
ml. extract and 5 ml. were added to each of the other two extracts. The 
solutions were placed in a refrigerator for 24 hours when the glycine was 
filtered off and washed free from pyridine with absolute alcohol. A portion 
of the product obtained was oily. This part was recrystallized by dissolv- 
ing it in water and adding 10 volumes of methyl alcohol. The total yield 
was 10 gm. (44.5 per cent) of pure sulfate- and chloride-free glycine. 


C,H;O.N. Calculated, N 18.67; found, 18.88 


Alanine, a-Amino-n-butyric Acid, and a-Aminoisobutyric Acid—These 
amino acids were prepared by the following procedure, which is similar to 
that used for making glycine. 

To 0.3 mole of 8-amino alcohol dissolved in 600 ml. of water containing 
46 gm. of concentrated sulfuric acid were slowly added 63 gm. of potassium 
permanganate, the temperature being kept below 30°. About 2 hours were 
required. The manganese dioxide was removed and the filtrate was 
treated with 110 gm. of barium chloride dihydrate dissolved in 500 ml. of 
water. After removing the barium sulfate, evaporating, and drying the 
residue as already described, the amino acid was extracted with two 100 
ml. portions of boiling 95 per cent alcohol. The extracts were combined, 
cooled to room temperature, and filtered. To the filtrate were added 30 
ml. of freshly distilled aniline. The mixture was placed in a refrigerator 
for 24 hours, after which the amino acid crystals were filtered off and washed 
with several small portions of absolute alcohol. The yield of crude alanine 
was 12.2 gm. (48 per cent), and of crude a-amino-n-butyric acid 11 gm. 
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(36 per cent). The impure products were recrystallized by dissolving them 
in a small amount of hot water, filtering, and adding several volumes of 
methyl alcohol. The yields of pure alanine and of pure a-amino-n-butyric 
acid were 10 gm. (35 per cent) and 9 gm. (29 per cent) respectively. A 
yield of 15 gm. (48.4 per cent) of pure a-aminoisobutyric acid was obtained 
without recrystallization. 


Per cent N 


Amino acid prepared eolsilaiad Per cent N found 
e-mpimopropionic acid. ..............5sccecceeseee 15.73 15.47 
e-Amino-n-butyric “ ................. Se a 13.59 13.71 


OT eel ee Ae =) 13.59 13.47 

The phthalyl derivatives (2) as well as the N-2,4-dinitropheny] deriva- 
tive of all of the above amino acids were prepared and found to have 
melting points identical to the derivatives prepared from amino acids made 
by other methods. 


SUMMARY 


A new method has been developed for the preparation of a-amino acids 
from §-amino alcohols. Four a-amino acids have been prepared by 
oxidizing the salts of the corresponding §-amino alcohols. 
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THE SEDIMENTATION BEHAVIOR AND MOLECULAR 
WEIGHT OF PANCREATIC CARBOXYPEPTIDASE* 
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(From the Laboratory for the Study of Hereditary and Metabolic Disorders, 
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(Received for publication, March 15, 1949) 


Previous studies of the physical properties of crystalline carboxypeptidase 
have included investigations of the electrophoretic behavior (1, 2) and 
measurements of viscosity and diffusion (2). It was reported that the 
several times recrystallized protein migrated essentially as a homogeneous 
substance in the electrophoresis apparatus (2). 

We have investigated the sedimentation behavior of carboxypeptidase 
in the ultracentrifuge, since no previous studies of this type have been 
reported. It was found that the carefully recrystallized protein behaved 
as a homogeneous substance. From the sedimentation constant and the 
previously determined diffusion constant (2), the molecular weight was 
found to be 33,800. This value is in reasonable agreement with the molec- 
ular weight of 31,600 estimated from diffusion and viscosity measure- 
ments by Putnam and Neurath (2). 


EXPERIMENTAL 


The enzyme was prepared from frozen bovine pancreas as described by 
Anson (3) and recrystallized four to six times by the procedure of Neurath, 
Elkins, and Kaufman (4). The protein concentration of the carboxy- 
peptidase solutions was evaluated from the protein N content, the con- 
version factor of 7.0 being used, since the protein has been reported to 
contain 14.4 per cent N (8). 

All of the sedimentation studies were made in the Spinco! electrically 
driven ultracentrifuge. A brief description of this instrument, and the 
controls and procedures, has been given in a previous publication from this 
laboratory (5). 

The results obtained with various preparations of carboxypeptidase 
are presented in Table I. Most of the runs showed that the protein 
sedimented essentially as a homogeneous substance with a sedimentation 
, * This investigation was aided by a grant from the United States Publi¢ Health 
ervice. : , 

t Postdoctorate Fellow of the United States Public Health Service. Present 
address, Medical School, University of Wisconsin, Madison. 

‘Specialized Instruments Corporation, Belmont, California. 
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constant of about 3.1 x 10-%. A representative experiment is shown jn 
Fig. 1, A. However, in some experiments it was found that a frequent 


TaBLp I 
Sedimentation of Carborypeptidase 
The temperature is the average for the duration of the run. The results incor. 
porate the usual corrections for the temperature, and for the viscosity and density 
of the solvent (6). The values for the sedimentation constants (S;, S:, and 8,) 
are for Sx. in cm. per second. The parenthetical values give the amount of each 
component estimated from its percentage of the total sedimenting area. 





| | 
(Protein | 





Semple! Solvent | pH Temper concen- | Si X 104 S:X10% | Ss X 10" 
No. | | tration | 
rare whee es Rat 
°C. | per cent | 


1 0.04 m phosphate 
+ 0.4m NaCl 


~ 
_/ 


25.0 | 0.42 | 3.25 


2 | 0.015mveronal + | 7.7) 24.8 | 0.23 | 3.19 
} 60.185 a NaCl | | | | 
3 | 0.015mveronal + | 7.7) 27.1 | 0.12 | 3.29 
| 0.185mNaCl | | | 
4 | 0.015mMveronal+ | 7.7) 22.2 | 0.06 | 3.02 
| 0.185 a NaCl | | | 
5 | 0.015mveronal + | 7.7| 25.3 | 0.23 | 3.45* 
| 0.185 m NaCl | | 
6 | 0.25 w NaCl | 5.9) 24.4 | 0.12 | 3.12 
7 {0.1 “ veronal + | 7.8) 26.2 | 0.14 | 2.97 
0.1 mw NaCl 
8 | 0.1 mM veronal + | 7.8) 26.4 | 0.16 | 2.83 
| O3mNaCl | | | | 
9¢ | 1.0 m NaCl | 6.8| 24.7 | 0.88 | 2.82 
10 |10" « | ne 25.1 | 0.42 | 2.94 
11¢ | 0.015 m veronal + | 7.6) 25.3 0.91 | 3.02 (86%)| 9.0 (14%) 
| 0.385m NaCl | | | | 
12 | 1.0“ NaCl | §.9) 21.8 | 0.50 | 3.05 (50%)| 8.2 (8%) | 3.9 (42%) 
13 (0.5 9 | 5.9) 23.9 | 0.25 | 3.32 (68%) 9.7 (8%) | 5.8 (27%) 
14 | 0.04 m glycine + | 9.0) 24.5 | 0.44 | 3.15 (87%)! 9.4 (13%) 
0.11 mw NaCl 
15 | 0.2m phosphate | 7.6) 22.2 | 0.28 | 2.88 (90%), 8.6 (10%) 
16 | 0.2 “ NaCl 8.7; 22.0 0.26 | 3.26 (87%) 9.1 (13%) 
17 | 0.1 glycine + | 11.4 22.3 0.89 | 2.02* 
0.1 m NaCl 





* These values have been omitted from the average sedimentation constant. 
t These are the experiments shown in Fig. 1, A (Sample 9) and Fig. 1, B (Sam- 
ple 11). 


contaminant of carboxypeptidase is an accompanying protein with a sedi- 
mentation constant of about 9.0 x 10~; such a run is illustrated in Fig. 1, 
B. This heavier protein is apparently a globulin which is relatively in- 
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soluble at low ionic strengths, since extracts of a stock preparation of the 
crystalline enzyme made near neutrality at 0.2 ionic strength do not show 
this substance. When extracts are made at higher salt concentrations 
(0.4 to 1.0 ionic strength), or at about pH 9, this substance is dissolved. 
In two instances, large amounts of additional contaminants (S;) were 
observed, as in Samples 12 and 18. These proteins, S. and S;, do not 
appear to possess any carboxypeptidase activity. Enzymatic tests with 
homogeneous samples yielded values for the proteolytic coefficient (C)? of 
12 to 13, with carbobenzoxyglycyl-t-phenylalanine as the substrate at 
0.05 m concentration. Tests with Samples 12 and 13 gave somewhat lower 
activities (C = 7 to 9). Previous results with highly purified carboxy- 


er, 
wa a at 


Fic. 1. The sedimentation behavior of carboxypeptidase in the ultracentrifuge. 
A shows the results with a homogeneous preparation (Sample 9) measured in 1.0 um 
sodium chloride. The first picture was taken 35 minutes after attaining full speed 
(59,780 R.P.M.); subsequent photographs were made at 16 minute intervals. B shows 
a preparation (Sample 11) which contains some inactive heavier material. The 
first exposure was made 16 minutes after reaching 59,780 R.Pp.m.; the intervals be- 
tween the subsequent photographs were 16, 8, 8, and 16 minutes. The arrow in- 
dicates the direction of sedimentation from the meniscus. 


peptidase gave proteolytic coefficients in the neighborhood of 12 to 14 
(4,7, 8). 

We have taken advantage of the insolubility of the contaminating protein 
in 0.2 ionic strength sodium chloride in order to prepare routinely carboxy- 
peptidase which behaves as a homogeneous substance in the ultracentrifuge, 
and which possesses a C value of about 12 to 13. Stock preparations of 
4 times crystallized carboxypeptidase are extracted with 0.2 m sodium 
chloride and centrifuged. The extracts are then dialyzed in the usual 
manner against gradually decreasing concentrations of salt solutions and 
finally against distilled water. Preparations of carboxypeptidase twice 
recrystallized in this way are homogeneous even when extracted into 1.0 m 
sodium chloride (Samples 9 and 10). 


* The proteolytic coefficient is defined as the first order velocity constant ex- 
pressed in decimal logarithms for a solution containing 1 mg. of protein N per ce. 
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A single determination (Sample 17) performed at pH 11.4 gave a prepara. 
tion which showed only a single boundary, but which had a sedimentation 
constant of about 2.0 x 10-%. This low value suggests that carboxy- 
peptidase is split into half particles at this pH. It was found that this 
preparation was completely inactive enzymatically when tested at pH 7.4 
in veronal buffer with carbobenzoxyglycyl-L-phenylalanine as the sub- 
strate. 

The data in Table I indicate no significant variation of the sedimentation 
constant of carboxypeptidase (.S,) over the pH range of 5.9 to 9.0, over 
the tested range of protein concentrations from 0.06 to 0.91 per cent, or at 
different ionic strengths. Therefore, all of the values for S; were averaged 
with the exception of Sample 17, measured at pH 11.4, and Sample 5, which 
gave an unaccountably high result. The average value for So,» is 3.07 x 
10-8 with an average deviation of +0.14 and a standard deviation of 
+0.15. 

The diffusion constant of carboxypeptidase has been reported by Putnam 
and Neurath (2) to be 9.94 & 10-7 sq. cm. per second at 25°. When this 
value is corrected for the difference in the viscosity of water between 25° 
and 20°, Dzo,w is 8.82 X 10-7. Assuming that V is 0.75, and incorporating 
these values in the usual formula (6), @M = RTS/D(1 — Vo), we obtain 
33,800 for the molecular weight. 


SUMMARY 


Crystalline bovine pancreatic carboxypeptidase sediments as a homo- 
geneous substance in the ultracentrifuge. The average value for the 
sedimentation constant, Sx», is 3.07 + 0.15 X 107%. From this and 
diffusion data, the molecular weight is 33,800. 

The crystalline enzyme frequently contains a contaminating globulin 
with Soo,.6 = 9.0 X 10-%. This inactive substance is insoluble at low ionic 
strengths near neutrality and can be separated from carboxypeptidase. 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


II. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF 
d-ISOCITRATE AND ACETATE 


By HUBERT BRADFORD VICKERY anp MARJORIE D. ABRAHAMS 


(From the Biochemical Laboratory of the Connecticut Agricultural Experiment Sta- 
tion, New Haven) 


(Received for publication, March 16, 1949) 


It has recently been shown (1) that certain organic acids, when admin- 
istered to excised tobacco leaves during culture experiments carried out 
in darkness, exert a marked influence upon the course of the metabolic 
reactions of the tissues. In control samples cultured on water, a consider- 
able part of the malic acid present at the start disappears and additional 
citric acid is formed, the total organic acidity remaining essentially con- 
stant. However, if citrate, succinate, or fumarate, for example, is acquired 
from the culture solution, both malic and citric acids increase, and if 
malate is administered, the formation of citric acid is stimulated. Tobacco 
leaves obviously contain enzyme systems that provide for rapid and ex- 
tensive metabolic transformations of the organic acids present or intro- 
duced into the cells, these transformations being especially noteworthy 
when the organic acid added from the culture solution is one of the members 
of the Krebs tricarboxylic acid cycle. On the other hand, little disturbance 
of the normal sequence of reactions was observed when the leaves were 
cultured on tartrate, an acid which is not naturally present in tobacco 
leaves and which is not a member of the Krebs cycle. 

A further series of experiments is described in the present paper. These 
were carried out in order to extend the observations to include d-isocitric 
acid. A different variety of tobacco was employed, and tests were ac- 
cordingly made to see whether the effect of added citrate or malate was 
similar to that observed earlier. In addition, the effect of added acetate 
has been examined. 


EXPERIMENTAL 


Tobacco plants (Nicotiana tabacum) of the variety known as ‘“‘Connecti- 
cut shade-grown” were grown in sand in the greenhouse, a culture solution 
that provided all of the nitrogen as nitrate being employed. The samples 
were collected 55 days after the seedlings had been transplanted and at the 
time that the first flowers were opening. A recently developed sampling 
technique based upon a systematized Latin square was employed (2), 
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according to which twelve leaves were cut from each of twelve plants and 
distributed to six samples in such a way that each plant and each leaf 
position was equally represented in each sample. This method has been 
shown to be advantageous in diminishing the statistical variation in compo- 
sition among presumably identical samples of leaves. 

As in the previous work, the culture solutions used for the treatment of 
the leaves were 0.2 m in concentration. The solution of potassium L- 
malate (pH 6.5) was prepared from purified diethyl L-malate of [a}* = 
—10.7° isolated from tobacco leaves by the late Dr. G. W. Pucher of this 
laboratory in the course of earlier work. The potassium d-isocitrate 
(pH 6.8) was prepared from l[-dimethyl isocitrate lactone obtained from 
Bryophyllum leaves. The citrate (pH 5.9) and acetate (pH 6.8) were pre- 
pared from reagent grade acids. The technique of the leaf culture experi- 
ments was the same as in the earlier work. The culture period was 48 
hours. 

With the exception of the leaves cultured on acetate, all of the samples 
increased slightly in fresh weight and maintained full turgor. There was 
evidence of a minor degree of chlorophyll degeneration, the leaves, although 
fully green, being faintly mottled, especially along the main veins. The 
leaves cultured on acetate became completely flaccid within 24 hours and 
at the end were unusually thin and fragile, having lost about 43 per cent 
of their fresh weight, mainly through the evaporation of water. 

The analytical methods for total acidity, oxalic, malic, and citric acids 
were those long in use in this laboratory (3). Acetic acid was determined 
by distillation with steam under controlled conditions. Isocitric acid 
was determined by a method in which heart muscle aconitase is employed 
essentially as described by Krebs and Eggleston (4). The equilibrium 
mixture of citric, isocitric, and cis-aconitic acids that is formed under the 
influence of aconitase has been found to contain close to 89 per cent of 
citric acid! in agreement with the observations of Krebs and Eggleston. 

The results of the analysis of the dried samples are shown in Table I. 
Inasmuch as the total nitrogen content is not affected by the treatment, 
the nitrogen determinations serve to illustrate the degree of variation 
among the samples. The mean nitrogen content of the six samples was 
4.94 + 0.14 gm. per kilo of initial fresh weight. The coefficient of vari- 
ation was 2.9 per cent, a part of which represents the analytical as distinct 
from the sampling error (2). The coefficient of variation of the fresh 
weight was 2 per cent. 

Culture on Water—The organic solids decreased by 8 per cent, an evi- 
dence of a relatively high rate of respiratory activity in this lot of leaves. 
The ash weight was essentially unchanged and the apparent increase of 


1 Unpublished observations of Dr. C. A. Hargreaves of this laboratory. 
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total organic acids of 9.7 m.eq. per kilo is also probably negligible, being 
only 2.7 per cent of the total acidity. It should be pointed out that the 
total organic acidity of this variety of tobacco is substantially greater than 
that of the kinds used in the experiments of the previous paper, but the 
present data are not out of line with earlier observations on shade-grown 
tobacco (5). 

During the culture period, the total organic acids, calculated arbitrarily 
as citric acid, increased from 23.6 to 26.4 per cent of the organic solids. 
The change computed in these terms was, however, apparent only, being 
almost entirely due to the loss of solids through respiration. 


TABLE I 


Effect of Culture on 0.2 mu Potassium Salis of Organic Acids upon Composition of 
Excised Tobacco Leaves 


The figures not otherwise designated represent milliequivalents per kilo of original 
fresh weight of leaves. 





























Control Changes in 48 hrs. of culture in darkness 
before ae 
culture} Water | Citrate | 1-Malate —_ Acetate 
Tht Se ae ee On —" 
Total nitrogen, gm.............. 5.07| —0.13| —0.17, +0.06/ —0.31] —0.25 
Organic solids, “‘ 98.8 | —7.9 | —6.8| —6.7| -6.2]| —3.2 
Inorganic solids, “ 20.5 | —0.5 | +15.9 | +14.6 | +12.7 | +13.2 
" “as potassium 
SE i iy 2 [+230 (+212 |+183 |+190 
Total organic acids........... ... ./864 +9.7 |+196 (+170 (+173 [+131 
Oxalic acid.......................| 26.8 | +1.4| 40.8] +1.1] -—0.6] 42.3 
ME  , | cvs douse eis 43.1 |+49.5 |+151 +159 +80.0 | +21.6 
Sa | xcsatad dc es dapieentonte 215 |—55.7 Sonal —33.0 | —11.7 | —31.0 
ES ore eer | +78.6 
SEE MID isis a s0's 6k we eae | | +114 
Undetermined acid...............| 79.9 |}4+14.5 | +16.9 | +43.4 | +26.6 | +25.7 
pH of dry tissue at end.......... 5.62} +0.17| +0.33| +0.44) +0.30] +0.89 








As in the previous work, there was a marked increase in citric acid; 
49.5 m.eq. per kilo of newly formed citric acid appeared, an increase of 
115 per cent over the quantity present at the start. This was accompanied 
by a decrease in malic acid of 55.7 m.eq. or 26 per cent of the amount 
originally present. The increase in undetermined acids was only 14.5 
m.eq. and, inasmuch as this quantity is computed by difference, was 
probably not far from the limit of significance; in any case, the production 
of undetermined acids was small. There was no significant effect upon 
oxalic acid. The general behavior of this sample therefore conformed 
closely with earlier experience with this and other varieties of tobacco. 

Culture on Citrate—-The total organic acids of the leaves increased by 





arena ne ee ere 


i 
t 
WY 
{ 
iW 
| 
if 
i 








40 ORGANIC ACIDS OF TOBACCO LEAVES. II 


196 m.eq. per kilo of initial fresh weight. This is equivalent to an uptake 
of 12.5 gm. of citric acid or 13.6 per cent of the organic solids present at 
the end of the treatment. The quantity calculated from the increase in 
ash, assuming this increase to represent potassium carbonate, was 14.8 
gm. The leaves at the end were thus enormously enriched in organic 
acids; the 560 m.eq. ultimately present, calculated arbitrarily as citric 
acid, amount to 35.8 gm. per kilo or 39 per cent of the organic solids of the 
tissues. 

In spite of the gain of more than 12 gm. of citric acid, the leaves lost 6.8 
gm. of organic solids during the 48 hour period. Respiration must there- 
fore have been greatly stimulated as compared with the control sample 
cultured on water. 

Culture on u-Malate—The present experiment differs from that of the 
previous study in that t-malate was used rather than pi-malate. Ac- 
cordingly, the results are not obscured by the probable failure of p-malate 
to share in the enzymatic reactions. The total organic acids increased by 
170 m.eq., the equivalent of 11.4 gm. of malic acid if this figure is assumed 
to represent the uptake of malate ion. The figure calculated from the 
increase in ash is 14.2 gm. The loss of organic solids during the culture 
period was 6.7 gm. and the evidence therefore again points to a greatly 
stimulated respiration under the experimental conditions. If the total 
acidity of the tissues at the end is arbitrarily computed as citric acid, the 
leaves contained 37 per cent of their organic solids as organic acids, thus 
showing enrichment comparable with that obtained in the culture experi- 
ment with citrate. 

Culture on d-Isocitrate—The total organic acids increased by 173 m.eq., 
indicating that 11 gm. of isocitric acid were taken up. Calculation from 
the increase in ash gives 11.7 gm. The loss of organic solids was 6.2 gm., 
so that it would appear that about 17 gm. of organic substance were 
respired by the leaves in the course of the experiment, again an evidence 
of stimulation and an indication that isocitric acid enters readily into the 
enzymatic reactions of the cells. The tissues at the end contained 37 per 
cent of the organic solids as organic acids on the same assumptions as 
before. 

Culture on Acetate—The total organic acids increased by 131 m.eq., 
indicating that at least 7.9 gm. of acetic acid were taken up. The increase 
in ash was equivalent to an uptake of 11.4 gm. The loss of organic solids 
was 3.2 gm., so that the total respiration amounted to 11 gm. or more of 
organic material. Thus, in spite of the flaccidity of the leaves during most 
of the culture period, respiration was stimulated in comparison with the 
control sample cultured on water. As in the other samples, the leaves 
became enriched in organic acids; on the same assumptions as before, the 
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tissues contained close to 33 per cent of organic acids at the end of the 
culture period. 


DISCUSSION 


The use of a method based on statistical principles for collecting the 
present samples makes it feasible to consider, at least. in a preliminary 
way, the molar ratios between the main organic acid reactants in the 
system. It may be tentatively assumed that, with the gradual influx of 
organic acid anions from the culture solution, a drifting series of equilib- 
rium conditions is set up. The change in composition at the end of the 
arbitrarily selected period of 48 hours permits estimates to be made of the 
relative quantities of organic acids metabolized during this period. 

In the control leaves cultured on water, 49.5 m.eq. (16.5 mm) of citric 
acid appeared and 55.7 m.eq. (27.8 mm) of malic acid disappeared. The 
molar ratio of malic to citric acid is therefore 1.7, which suggests that, 
within reasonable limits of error, 2 moles of malic acid underwent trans- 
formations that resulted in the production of 1 mole of citric acid. 

In the experiments with culture solutions, there are two methods avail- 
able to calculate the total quantity of organic acid that entered the tissues. 
One estimate may be derived from the increase in ash. If the potassium 
salt was taken up as such by the open ends of the leaf vessels and migrated 
to the cells, then potassium ion equivalent to the total uptake of anion 
must remain in the tissue regardless of the ultimate fate of the anion. The 
increase in ash, expressed as milliequivalents of potassium carbonate, is 
therefore a measure of this uptake of acid, provided that the culture 
solutions were at such a pH that the acid they contained was fully neutral- 
ized.2, The other estimate of the quantity of acid acquired by the sample 
is derived from the direct determination of the increase in total organic 
acidity. These two estimates have previously been shown to be closely 
correlated; however, they rarely agree with each other, the first being 
almost invariably somewhat larger. The difference between them can be 
assumed to represent that part of the newly acquired acid which under- 
went complete oxidation or, at least, oxidation to non-acidic products of 
metabolism. 

In the leaves cultured on citrate, citric acid increased by 151 m.eq. If 
it is assumed, from the increase in ash, that 230 m.eq. of citrate were taken 
up (Table I), the difference, 79 m.eq. (26.3 mm), represents the citric acid 
metabolized. The increase in malic acid was 27.2 m.eq. (13.6 mm), and 


* The L-malate at pH 6.5 and the isocitrate at pH 6.8 contained more than 95 per 
cent of the theoretical quantity of potassium ion; the citrate at pH 5.9 contamed 
roughly 73 per cent of trivalent and 23 per cent of divalent citrate ion. Accord- 
ingly, the calculation of acid uptake from ash increase probably furnishes a slight 
underestimate. 
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the molar ratio of malic acid produced to citric acid consumed was therefore 
0.52. This calculation neglects the apparent increase in undetermined 
acids. If the figure 16.9 m.eq. is assumed to be an accurate measure of 
this quantity, and these substances are, further, assumed to be derived 
from citric acid, the molar ratio becomes 0.66. Either calculation assumes 
that 34 m.eq. or 2.17 gm. of citric acid were completely metabolized. 

If, on the other hand, the increase of 196 m.eq. of total acidity is taken 
as the measure of the uptake of citric acid, only 45 m.eq. of citric acid 
were metabolized with the production of malic acid. Neglecting the 
increase in undetermined acids, the molar ratio is 0.91; including it, the 
ratio becomes 1.5. The data as a whole suggest that from 1 to 2 moles of 
citric acid were involved in the production of 1 mole of malic acid. Re- 
gardless of the uncertainty of the analytical determinations, the evidence 
is conclusive that when the tissues are, as it were, flooded with citric acid 
the normal malic to citric transformation is reversed and the present results 
are thus in agreement with the earlier work. 

The leaves cultured on t-malate took up 212 m.eq. of malate as computed 
from the increase in ash. Nevertheless, the malic acid content of the 
leaves decreased by 33 m.eq., so that it may be assumed that 245 m.eq. 
(123 mm) of malic acid were metabolized during the culture period. Citric 
acid increased by 159 m.eq. (53 mm); accordingly the molar ratio of the 
malic acid converted to citric acid was 2.3. If the apparent increase in 
undetermined acids of 43 m.eq. is assumed to be accurate and is applied 
as a correction, only 202 m.eq. of malic acid were converted to citric acid, 
giving a molar ratio of 1.9. This calculation assumes that 39 m.eq. or 
2.6 gm. of malic acid were completely oxidized. 

A similar calculation on the assumption that the increase in total acidity 
of 170 m.eq. represents the uptake of malate also gives a molar ratio of 
1.9; if the correction for the increase in undetermined acids is applied, this 
ratio becomes 1.5. The evidence, therefore, rather strongly suggests, as 
in the case of culture on water, that reactions occurred in which 2 moles 
of malic acid were consumed in the formation of 1 mole of citric acid, a 
conclusion that is not unreasonable on theoretical grounds (1). 

The leaves cultured on d-isocitrate took up 183 m.eq. of isocitric acid as 
computed from the increase in ash and contained 78.6 m.eq. of this sub- 
stance at the end of the culture period. Thus 104.4 m.eq. of isocitric acid 
were presumably metabolized. Citric acid increased by 80 m.eq. and, if a 
mole for mole transformation of isocitric to citric acid is assumed to have 
occurred, there remain 24.4 m.eq. of isocitric acid available for other 
transformations. In addition, malic acid decreased by 11.7 m.eq., so that 
the total acid available for metabolism was 36 m.eq. The undetermined 
acids increased by 26.6 m.eq. and there is thus a balance of about 10 m.eq. 
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of acid unaccounted for. The estimate of isocitric acid completely oxidized 
computed from the difference between the increase in ash and the direct 
titration of acidity is also 10 m.eq. 

If a similar calculation is based upon the increase of 173 m.eq. of organic 
acids in the tissues, only 14 m.eq. of isocitric acid were available for trans- 
formations other than to citric acid. Together with the decrease in malic 
acid, this approximately balances the increase in undetermined acids. 

The leaves cultured on acetate took up 190 m.eq. of acetic acid, as caleu- 
lated from the increase in ash of which 114 were found still present at the 
end; thus 76 m.eq. entered into the metabolism. It seems unlikely that 
the normal transformation of malic to citric acid was influenced in this case; 
citric acid increased by 21.6 m.eq. and malic acid decreased by 31 m.eq., 
the molar ratio being 2.2, a reasonable value in view of the results already 
mentioned. If it is assumed that the acetic acid took no direct share in 
this transformation, and if the increase of 25.7 m.eq. of undetermined 
acids represents a sufficiently accurate estimate of the fate of part of the 
acetic acid, there still remain 50 m.eq. of acetic acid to be accounted for. 
The estimate of acetic acid completely oxidized is 59 m.eq. and the agree- 
ment of these two last figures is perhaps as close as can be expected. That 
an appreciable part of the acetic acid was completely oxidized is obvious 
from the decrease in the acidity of the tissues from pH 5.6 to 6.5 in the 
course of the experiment. 

If the calculation is based upon the increase in total organic acidity, 
which amounted to 131 m.eq., only 17 m.eq. of acetic acid appear to have 
been metabolized. This is insufficient to account for the increase in un- 
determined acids, although this is not certain because of the error in the 
measurement of the latter quantity. However, the view that so small a 
quantity of acetic acid as 17 m.eq. was metabolized is not consistent with 
the marked change in the pH of the tissues nor with the evidence, from the 
loss of organic solids, of a stimulated respiration. The results point to the 
estimate of acid absorbed from the increase in ash weight as giving the more 
likely general picture of the situation. 

That the tobacco leaf can metabolize acetic acid has been demonstrated 
unequivocally by Krotkov and Barker (6), who allowed a leaf to absorb 
acetate marked with radioactive carbon in the carboxyl group for a short 
time and then studied the fate of the radioactivity during a subsequent 
period of respiration in darkness. After about 21 hours, a substantial 
fraction of the radioactivity absorbed by the leaf, and shown to be present 
in a non-volatile form at an earlier stage, was found in the respired carbon 
dioxide. 

The demonstration that d-isocitrate is readily metabolized in the tobacco 
leaf is of considerable significance. It seemed highly probable from the 
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earlier work that this member of the Krebs cycle would share, with the 
other members that were tested, the property of entering into the meta- 
bolic reactions of the leaf. Experiment has shown that this expectation 
is realized in spite of the fact that the tobacco leaf does not normally contain 
demonstrable quantities of isocitric acid. Determinations were made iy 
all of the samples. The calculation from the quantity of citric acid present 
after treatment of extracts with heart muscle aconitase, the possible 
presence of cis-aconitic acid in the solutions being neglected, gave small 
negative quantities (—4.9, —4.9, and —2.8 m.eq. per kilo respectively) 
in the control sample and in the samples cultured on water and on acetate, 
and small positive quantities (5.6 and 2.1 m.eq. per kilo) in the samples 
cultured on citrate and on malate. These results are of the order of | per 
cent or less of the-total organic acidity of the samples and are well within 
the limits of error. However, after culture of the leaves on isocitrate, the 
presence of a substance that responded to the analytical method for 
isocitric acid was readily demonstrated. 

The most important observation is that d-isocitric acid introduced into 
the vascular system of tobacco leaves appears to be readily converted into 
citric acid. Of the 80 m.eq. per kilo of newly formed citric acid, only a 
small part could have been derived from malic acid, for the decrease of this 
substance was only about 12 m.eq. The observation implies that there is 
an efficient enzyme system present, the function of which is analogous to 
that of the aconitase of mammalian heart muscle. That the intermediate 
substance is cis-aconitic acid remains to be demonstrated, although this 
seems highly probable in view of the experiments of Martius (7) and of 
Johnson (8) with the aconitase of cucumber seed extracts. 

In none of the present culture experiments was there a significant effect 
upon the oxalic acid content of the leaves, notwithstanding the apparently 
greatly stimulated respiration in the leaves cultured on organic acids. The 
position of oxalic acid in the metabolic system of the tobacco leaf is still 
to be ascertained. 

The available evidence suggests that tobacco leaves contain a complex 
of metabolic systems in which organic acids are concerned. The system 
in which malic and citric acids are mainly involved appears to have analogies 
with the Krebs tricarboxylic acid cycle, for each member of this cycle that 
has been studied exerts an influence upon the proportions of these two 
acids present at the end of a period of culture in darkness. Other systems 
are, however, present which may or may not be metabolically connected. 
Lactic acid would appear to have some metabolic connection since leaves 
cultured on lactate became enriched in both malic and citric acid (1); 
and there are good theoretical grounds (for a review see Ochoa (9)) for 
assuming such a connection to exist. Tartaric acid, however, does not 
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seem to fit into this system; leaves cultured on tartrate became enriched 
in organic acids but there was no obvious effects upon the malic or citric 
acid content. Whether the tartrate was itself metabolized to any signifi- 
cant extent was not ascertained. 

Acetic acid also does not seem to have played a réle in connection with 
the malic and citric acid metabolism; nevertheless, it was itself extensively 
metabolized. Its position, therefore, is similar neither to that of lactic 
acid nor, apparently, to that of tartrate. 


SUMMARY 


When leaves of tobacco (Nicotiana tabacum) of the variety ‘‘Connecticut 
shade-grown”’ are cultured for 48 hours on water in darkness, the malic 
acid content decreases and that of citric acid increases in a manner con- 
sistent with the view that 2 moles of malic acid undergo transformations 
that result in the formation of 1 mole of citric acid. This reaction is 
partially reversed when the leaves are cultured on citrate, from 1 to 2 moles 
of citric acid disappearing while 1 mole of malic acid appears. 

When cultured on t-malic acid, the transformation of malic acid to 
citric acid is greatly stimulated and the behavior indicates that 2 moles of 
malic acid are required for the formation of 1 mole of citric acid. 

d-Isocitric acid, although not normally present in the tobacco leaf in 
demonstrable quantities, enters readily into the metabolism of the leaves, 
the chief product being citric acid. Accordingly, an enzyme system capable 
of bringing about this transformation appears to be present. 

Acetic acid also enters into the metabolism; although it has no apparent 
effect upon the normal transformation of malic to citric acid, a significant 
part of the acetate introduced disappears entirely, presumably being 
completely oxidized. ; 

Culture of the leaves on organic acid salts in all cases greatly increased 
the respiration as measured by the loss of organic solids and resulted in 
tissues abnormally enriched in organic acids. 
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PARTIAL PURIFICATION OF ACONITASE 
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In 1936, Martius and Knoop (1) discovered an enzyme which catalyzed 
the following reactions: 


+ H,O + H:O 
Citric acid “_—__, cis-aconitic acid ~~” isocitric acid 
— H,O — H.0 


This enzyme was later named aconitase by Breusch (2). At equilibrium, 
the three substances, citric, aconitic, and isocitric acids, exist in the ap- 
proximate molecular ratio of 89:3:8 (3). Jacobsohn and his associates (4, 
5) have provided indirect evidence that “‘aconitase” may be composed of 
two separate enzymes, each specifically catalyzing a single reaction, but 
this point has never been definitely established. 

Johnson has studied the kinetics of aconitase as well as its relative ac- 
tivity in different tissues (6). Krebs and Eggleston (3) have contributed 
further information on the properties of aconitase, including data on various 
stabilizers and inhibitors of the enzyme. Although Ochoa has concen- 
trated the enzyme by ammonium sulfate precipitation (7), he has not 
attempted to fractionate or purify it. Contrary to previous reports, aconi- 
tase may be precipitated from solution by alcohol, and even acetone, with- 
out loss of activity, provided the temperature is kept sufficiently low. 
Alcohol was used as a fractionating agent in the purification of the enzyme 
described below. 


Methods 


Citric acid was determined by the method of Pucher, Sherman, and 
Vickery (8) as modified by Speck et al. (9). d-Isocitric and L-malic acids 
were determined by the polarimetric method as described by Krebs and 
Eggleston (10). 

Although protein concentrations are reported in mg. per cc. in Table I, 
the concentrations of protein during the course of aconitase fractionation 
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were actually followed by optical density measurements at 280 my. In 
order to determine whether or not the protein extinction coefficient at 280 
my remained constant in succeeding steps, a comparison was made of the 
original extract and the final preparation. Since the determination of the 
extinction coefficient at 280 mu is subject to error due to turbidity, a sam- 
ple of the diluted extract was centrifuged at about 25,000 r.p.M. in order to 
clarify the solution. The optical density of this clear supernatant was 
used to calculate the average extinction coefficient of the soluble proteins, 
The extinction coefficients (50m, per mg. of protein in a cell with a | 
em. light path) of the original extract and of the final product were identical 


TABLE I 
Yields and Degrees of Purification of Aconitase Obtained during Alcohol and Salt 
Fractionation of Pig Heart Extracts 
See the text for the definition of units. 











7 Yield, 
Fraction of | Protein units | Aconitase units | —_ «nw 
| fraction | paar 
eee | com MER | Sore. | prme.| 
ocr el le ie A | 2360 | 21.2) 13.2 | 132/ 10.0, 310,000 100 
Ist alcohol fractionation..........| 600 | 18.7) 11.7 | 221] 18.9 133,000) 42 
2nd“ . veseseeees| 110 | 23.8} 14.9 | 1010} 68 | 102,000) 36 
3rd“ 7 seceesees| 50 | 15.3) 9.6 | 1260 | 132 | 63,000, 20 
Ammonium sulfate ppt., 0-66%...; 11.4, 16.2) 10.1 | 1026 | 100 | 11,600 3.7 
” ” “ 66-73%..| 10.0) 25.2) 15.7 


7 | 3700 | 235 | 37,000 11.9 











* In order to bring the enzyme into precipitated form as rapidly as possible, no 
effort was made to wash the Filter-Cel pad free of retained protein solution. If this 
mechanical loss were taken into account, the recovery of enzyme at the end of the 
first alcohol fractionation would have been 60 per cent. 


and equaled 1.6. Protein concentrations were calculated by multiplying 
the Kjeldahl nitrogen values by 6.25. 

Ammonium sulfate concentrations were followed with a modification of 
the gradient tube method of Linderstrém-Lang (11). Two bromobenzene- 
kerosene mixtures having densities of 1.26 and 1.05 were prepared. A 500 
ec. glass-stoppered graduate was filled to the 250 cc. mark with the heavier 
of these two mixtures and the lighter mixture was carefully layered above 
to the 500 cc. mark. A more or less linear gradient was then produced in 
the middle third of the tube by vertical stirring in the region above and 
below the interface. Standard solutions of ammonium sulfate of varying 
degrees of saturation were introduced as small drops (about 3 c.mm.) along 
the left side of the gradient. The ammonium sulfate concentration of 
similar drops of unknown salt content, introduced on the right side of the 
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tube, could then be read off directly by interpolation. The general theory 
and manipulation of gradient tubes is described elsewhere (12, 13). 

Reagents—Sodium cis-aconitate was formed by hydrolyzing the an- 
hydride with 5 per cent sodium carbonate. cis-Aconitic anhydride was 
prepared according to the method of Malachowski and Maslowski (14) and 
recrystallized from ether-benzene. The final white product melted at 78° 
(uncorrected). Reagent fumaric acid was used for the fumarase assays. 
The authors wish to thank Dr. Birgit Vennesland for a gift of triphospho- 
pyridine nucleotide (TPN), which had a purity of 10 per cent. 


Definition of Units in Enzyme Determinations 


Aconitase (Citrate Formation)—A unit of enzyme activity is defined as 
the amount of enzyme which forms, at pH 7.4, 1 uo of citric acid from cis- 
aconitic acid (0.025 m) in 15 minutes at 38°. 

Fumarase—A unit of enzyme activity is defined as the amount of enzyme 
at pH 7.4 which forms 1 uM of L-malic acid in 15 minutes at 38°. The 
polarimetric determination made according to Krebs and Eggleston (10) 
is carried out in the presence of excess citric and molybdic acids. The 
specific rotation of the malic-citric-molybdic acid complex is 1340. 

Isocitric Dehydrogenase—This determination depends on the reduction of 
TPN by isocitric acid and the resulting increase in absorption at 340 mu. 
1 unit is defined, according to Mehler et al. (15), as the amount of enzyme 
causing a change in log J)/J of 0.01 per minute at 340 my, calculated for 
the third 15 second period after the start of the reaction. Conditions for 
the test system were the same as those of Mehler et al. except that 0.3 ce. 
of 0.1 m tris(hydroxymethyl)aminomethane was used as a buffer instead 
of glycine. In the present assays, aconitic acid was used as substrate. 
This was converted to isocitric acid by the action of aconitase in the en- 
zyme preparation. Therefore, the isocitric dehydrogenase activity is a 
minimum value, since the formation of isocitric acid may be the limiting 
reaction in the test system. However, this possibility is unlikely in view 
of the relatively high concentration of aconitase in the final preparation 
tested. 

Properties of Enzyme—In confirmation of the earlier reports of Krebs 
and Eggleston (3) and of Ochoa (7), aconitase was found to be relatively 
unstable in aqueous solution. Fractionation of pig heart extracts with 
ammonium sulfate, although leading to purification of the enzyme, often 
resulted in considerable losses in the total amount of the enzyme in the 
various fractions. For this reason, experiments were undertaken to find 
some stabilizing agent for the enzyme. As previously reported by Krebs 
and Eggleston (3), glycerol, when added to extracts, retards the rate of 
decay of the enzyme activity. Cysteine, in the initial stages of the purifica- 
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tion, likewise showed a stabilized effect. As purification of the enzyme 
continued, however, glycerol was without effect and cysteine strongly in- 
hibited the enzyme. Of the stabilizing agents tried, citrate or cis-aconitate, 
the enzyme product or substrate, seemed most effective in protecting the 
enzyme against decay. The stability of the enzyme in extracts showed 
great variability from experiment to experiment. Upon including citrate 
in the homogenizing medium, the enzyme was sufficiently stabilized to per- 
mit centrifugation and other manipulatory procedures prior to the first 
step of purification. 

After several steps of purification, it became necessary to dialyze the 
enzyme prior to electrophoretic studies. In these instances the presence 
of citrate in the dialyzing medium slowed the rate of decay of the enzyme 
sufficiently to permit the subsequent electrophoretic separation of the pro- 
teins present and the localization of aconitase activity in the cell compart- 
ments. 

In no instance, however, could stabilizing agents or conditions be found 
which would protect aconitase against decay to such an extent that dialysis 
could be used effectively as a step in the preparation of the enzyme. 

In a search for reagents which permitted the fractionation of aconitase 
without large losses of activity through decay, it was found that treatment 
with aqueous alcohol solutions at low temperatures and ionic strengths re- 
sulted in considerable purification. In all cases, absolute alcohol was di- 
luted to 90 per cent before use in fractionations to minimize the heating 
effect due to dilution. Additions were made slowly and with stirring, spe- 
cial attention being taken to assure that the temperatures of the alcohol- 
water mixtures were only slightly above their freezing points. 


Preparation of Enzyme 


Step 1 (Alcohol Fractionation 1)—1 kilo of pig heart,' freed of fat and con- 
nective tissue, is diced and homogenized in portions in a Waring blendor 
with 3 liters of buffer (0.002 m sodium citrate, 0.002 m citric acid). The 
supernatant from the centrifuged homogenate is cooled rapidly in a dry 
ice-aleohol bath at 0° and alcohol is added to bring the concentration to 15 
per cent by volume. Care must be taken to keep the temperature as near 
as possible to the freezing point of the aqueous alcohol solution. Filter 
aid? is added, the solution is filtered with suction, and the precipitate dis- 
carded. In order to assure precipitation of the enzyme by the further ad- 
dition of alcohol, 1.25 ce. of saturated NaCl are added to each 100 cc. of 


1 Although the pig hearts may be used immediately after removal from the animal, 
they may also be frozen and stored at —15° for as long as 2 weeks without significant 
loss of enzyme. 

* Hyflo Super-Cel, Johns-Manville. 
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15 per cent alcohol filtrate. The alcohol concentration is then slowly in- 
creased to 45 per cent, the temperature of the solution being gradually 
lowered to about —10°. The precipitate is allowed to settle overnight, 
and the supernatant is siphoned off. The precipitate is centrifuged com- 
pactly in a refrigerated centrifuge. The bulk of the enzyme activity is in 
the precipitate. 

Step 2 (Alcohol Fractionation 2)—The precipitate is taken up in suffi- 
cient ice-cold water to give an extinction of 20 at a wave-length of 280 mu 
inalcm.cell. This corresponds to a protein concentration of about 12.5 
mg. of protein per cc. The alcohol in the precipitate is disregarded, and 
sufficient 90 per cent alcohol (8.5 cc. per 100 cc. of enzyme solution) is 
added at a gradually diminishing temperature to bring the concentration 
to8 volumes per cent. The inactive precipitate is centrifuged off in a re- 
frigerated centrifuge. Alcohol is then added to the supernatant to bring 
the alcohol concentration to 23 per cent. The temperature is meanwhile 
lowered to —7° to —8°. The solution is centrifuged and the supernatant 
discarded. 

Step 3 (Alcohol Fractionation 3)—The precipitate is taken up in suffi- 
cient ice-cold water to give an extinction of 24 at 280 my in a 1 cm. cell (15 
mg. of protein per cc.). The alcohol content of the precipitate is disre- 
garded, sufficient alcohol is added to bring the concentration to 8 per cent, 
and the precipitate is centrifuged off and discarded. The pH of the super- 
natant, which is about 5.6, is then adjusted to 6.8 by the careful addition 
of 5 per cent sodium carbonate. Alcohol is added to 23 per cent and the 
precipitate, containing the activity, centrifuged off. 

Step 4 (Ammonium Sulfate Fractionation)—The precipitate from Step 3 
is taken up in 0.1 m phosphate buffer, pH 7.4, containing 0.05 m sodium 
citrate (extinction of protein solution at 280 mu = 16, equivalent to 10 mg. 
of protein per cc.). Ammonium sulfate is added slowly until the solution 
is 66 per cent saturated. During the addition, the temperature is lowered 
progressively to —10°. The precipitate is centrifuged* for 5 minutes at 
8000 r.p.m. and the precipitate discarded. This centrifugation is carried 
out at —5° to —10°. Ammonium sulfate is then added to the supernatant 
until the solution is 73 per cent saturated.? The precipitate is centrifuged 
as above and the supernatant discarded. ‘The precipitate contains the 
bulk of the enzyme, which has been purified about 23-fold. In the pre- 
cipitated form, it may be frozen with dry ice and stored for a relatively 
long time without loss in activity. 

If further purification of the enzyme is attempted, it is probably inad- 
visable to use ammonium sulfate in any other than the last step, since salts 


‘Referred to saturated ammonium sulfate at 20°. 
‘Servall angle centrifuge, Ivan Sorvall, Inc., New York. 
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cannot be removed by dialysis without loss of enzyme activity. More. 
over, such high concentrations of alcohol are required to precipitate the 
enzyme in the presence of salts that denaturation results. In Table | 
are summarized the yields and degrees of purification obtained at each step 
in the preparation of the enzyme. 


Tests of Purity 


The purity of the final preparation was studied by electrophoretic analy. 
sis and by enzymatic and spectrophotometric tests for fumarase, isocitric 
dehydrogenase, and hemoglobin + myoglobin. 

Electrophoresis—A preparation of enzyme with an activity-protein ratio 
of 235 was dialyzed against a buffer at pH 7.4, containing 0.033 m phos. 
phate and 0.0166 m sodium citrate and having a specific conductance of 
0.00499. Electrophoresis (220 volts, 19 ma.) was permitted to proceed for 
5 hours, during which time the proteins had separated into three non- 
homogeneous components. By enzymatic analysis of the chambers of the 
electrophoresis cell, it was determined that the aconitase activity was asso- 
ciated with the slowest of these three boundaries, having a mobility of 
1.18 X 10-° (ascending boundary). A red pigment, either hemoglobin 
or myoglobin, or both, was also associated with this electrophoretic com- 
ponent. 

If one assumes that either hemoglobin or myoglobin or both constitute 
the only impurities in this active component, it may be calculated from the 
electrophoretic diagram and from the hemoprotein estimations (see below) 
that the purity of aconitase in the final ammonium sulfate fraction is about 
30 per cent. This figure represents the maximum value, since the presence 
of impurities with similar mobilities cannot be excluded on the basis of the 
present data. 

Spectrophotometric Assay of Hemoproteins—Total hemoglobin plus myo- 
globin was estimated in the electrophoretic compartment containing the 
aconitase activity. After treatment with carbon monoxide, readings were 
made at the isosbestic point of these two proteins (575.5 mu) according to 
de Duve (16). The hemoprotein content was 21.9 per cent of the total 
protein in the active electrophoretic component. 

Enzymatic Tests—The enzyme activities of two enzymes of the tricar- 
boxylic acid cycle, isocitric dehydrogenase and fumarase, were followed 
during the purification procedure. 

Isocitric dehydrogenase was found in rather high concentrations in the 
final preparation of aconitase which had undergone four steps of purifica- 
tion. Assay of the original extract was subject to so many errors that a 
value for the enzyme activity was not obtained on this sample. The final 
enzyme preparation, however, contained 480 units of enzyme per mg. of 
protein. Ochoa (7) has found that acetone powders of pig heart contain 
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isocitric dehydrogenase in concentration of 167 units per mg. of protein and 
was able to purify this preparation about 4-fold (670 units per mg. of pro- 
tein). Isocitric dehydrogenase is thus, probably, a significant impurity in 
the aconitase preparation. 

The concentration of fumarase at various steps in the fractionation of 
aconitase was determined. While aconitase was purified 23-fold, the 
concentration of fumarase had fallen from 110 units per mg. of protein in 
the original extract to 18.3 units per mg. in the final preparation. It is 
thus apparent that fumarase, although present in the final preparation, is 
not a very large impurity. 

The possibility that ‘‘aconitase’” may be two enzymes, one catalyzing 
citric and one isocitric formation, has been a subject of discussion (4, 5). 
Evidence gained from these experiments does not support this conclusion. 
To the contrary, the ratio of the activity of the enzyme in forming citric 
and isocitric acids (as measured by the polarimetric method of Krebs and 
Eggleston (10)) from cis-aconitic acid has remained constant, within the 
limits of experimental error, during the entire fractionation procedure. In 
addition, the activities of the enzyme preparation in respect to both citric 
and isocitric acid formation, appear to decay at the same rate and are not 
separable under the electrophoretic conditions employed here. However, 
definite proof that the two reactions are catalyzed by the same enzyme 
must await complete purification. 


SUMMARY 


Aconitase has been purified 23-fold by low temperature alcohol and am- 
monium sulfate fractionation in the presence of citric acid as a stabilizing 
agent. Electrophoretic examination of this preparation and subsequent 
enzyme analysis of the electrophoresis cell chambers indicate a maximum 
purity of about 30 per cent. The preparation contains hemoprotein and 
also exhibits considerable isocitric dehydrogenase activity. Fumarase is 
present, but only as a minor impurity. The data do not suggest the pres- 
ence of two aconitases. 


The authors wish to express their sincere thanks to Professor Hugo 
Theorell and the Medical Nobel Institute for the opportunity of working 
in this laboratory. They also wish to thank Professor Theorell, as well as 
Ing. A. Akeson and Dr. R. Bonnichsen for their generous assistance and 
instruction. 
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THE CONDENSATION OF C#-NITROMETHANE WITH 
p-ARABINOSE: PREPARATION OF 1-C'-p-GLUCOSE 
AND 1-C'-p-MANNOSE 


By JOHN C. SOWDEN 


(From the Radiochemistry Laboratory, Department of Chemistry, 
Washington University, St. Louis) 


(Received for publication, March 21, 1949) 


The incorporation of isotopic C", C'*, or C'* into the p-glucose molecule 
has been accomplished previously only through the agency of growing 
plants (1-3) or of living animals (4-6). The p-glucose obtained from plants 
grown in an atmosphere containing carbon" dioxide was found to be labeled 
in all positions of the carbon chain, with the highest concentration of the 
radioactivity in carbons 3 and 4 of the hexose (7). The glycogen produced 
by rats, when injected with C'*-carbonate, has been hydrolyzed to isotopic 
p-glucose labeled only in carbons 3 and 4 (5). 

It was obviously desirable to make available, in addition to the biosyn- 
thetic labeled sugar, D-glucose and other sugars containing isotopic carbon 
only in one known position of the carbon chain, preferably in the terminal 
aldehyde group. Sugars labeled in this manner should be valuable in the 
interpretation of experiments that involve fragmentation of the molecule, 
as in the various fermentations or the assimilation of the carbohydrates. 

By application of the nitromethane synthesis (8) to p-arabinose, radio- 
active D-glucose and p-mannose containing C™ in only the aldehyde carbon 
have now been prepared in the crystalline state (9). By condensing C™ 
nitromethane, with radioactivity of approximately 8 mc. per mole, and p- 
arabinose under alkaline conditions, 1-nitro-1-desoxysorbitol and 1-nitro- 
|-desoxy-p-mannitol were obtained in the crystalline state in an over-all 
yield of approximately 28 per cent, based on nitromethane. After separa- 
tion of the epimeric nitro alcohols by fractional crystallization, their sodium 
salts were treated with sulfuric acid to produce the corresponding hexoses, 
b-glucose and p-mannose in good yield. The hexoses showed radioactivity 
of approximately 62,000 counts per minute per mg. While this activity 
will allow considerable dilution in subsequent experiments before accurate 
measurement becomes impossible, the synthesis should be applicable to the 
preparation of aldose sugars with even higher specific activities. 


EXPERIMENTAL 


C4.Nitromethane—16 gm. of C¥-methanol containing 4 me. of radio- 
activity! were converted to methyl iodide by distillation with hydriodic 
‘Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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acid (10). The yield of product after drying over calcium chloride and re. 
distillation was 59 gm. (83 per cent). 

The methyl iodide was added dropwise to an intimate mixture of 120 
gm. of silver nitrite (Mallinckrodt) and 250 gm. of dry sand under a cold 
finger reflux condenser maintained at —40° by means of dry ice and chloro- 
form. When the addition of methyl iodide was complete, the mixture was 
heated on the steam bath for 2 hours. The reflux condenser was then 
warmed to —5° and the resulting gaseous methy] nitrite was flushed from 
the system past the reflux condenser, with a slow current of dry air, into a 
receiver at —70°. The yield of methyl nitrite was 4 gm. (16 per cent). 

The residual nitromethane was distilled from the reaction flask in a slow 
current of dry air into a receiver containing 20 gm. of silver nitrite and 
50 gm. of calcium sulfate (drierite). Redistillation then yielded 17.9 gm. 
(71 per cent) of nitromethane (11). 

1-C'-1-Nitro-1-desoxysorbitol and 1-C'™*-1-Nitro-1-desory-D-mannitol—The 
above 17.9 gm. of nitromethane were added to a suspension of 44 gm. of 
p-arabinose in 50 cc. of absolute methanol and the mixture was treated with 


a solution of sodium methoxide containing 8.8 gm. of sodium in 350 ce. of » 


absolute methanol. After vigorous stirring for 5 hours at room tempera- 
ture in a closed system, the precipitated sodium nitro alcohols were filtered 
and washed in rapid succession with cold methanol (—20°), ether, and 
petroleum ether. The moist powder was then dissolved in 350 cc. of ice 
water and passed immediately through a column containing approximately 
1 kilo of Amberlite IR-100-AG ion exchange resin in the hydrogen form: 
Concentration of the effluent (1300 cc.) at reduced pressure, followed by 
addition of a few cc. of ethanol to the resulting sirup, yielded the crystalline 
nitro alcohols admixed with unchanged p-arabinose. After filtration and 
washing with a small amount of cold ethanol, the yield of crude, air-dry 
crystals was 30 gm.’ 

The nitro alcohols were extracted from the crude product in a Soxhlet 
apparatus with dry acetone for several hours, leaving a residue of 10.5 gm. 
of p-arabinos2, m.p. 156-159°. Concentration of the acetone extract and 
fractional crystallization of the residue from ethanol then yielded 1.1 gm. 
of p-arabinose, m.p. 150-160°, 11.0 gm. of 1-nitro-1-desoxy-p-mannitol, 
m.p. 130-133°, and 6.1 gm. of 1-nitro-1-desoxysorbitol, m.p. 103-105°.' 


The Resinous Products and Chemical Company, Philadelphia, Pennsylvania. 

* Occasionally, subsequent fractionation of the crystalline product may show that 
only 1-nitro-1-desoxy-D-mannitol and unchanged pb-arabinose have crystallized at 
this stage. In this event, relatively pure 1-nitro-1-desoxysorbitol may be recovered 
from the mother liquor by concentration followed by the addition of ether. 

* The conditions for the fractional crystallization are largely empirical. The main 
bulk of the 1-nitro-1-desoxy-p-mannitol crystallizes first admixed with a negligible 
amount of p-arabinose. Succeeding crops then usually alternate between the more 
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The recorded (8) constants for the pure enantiomorphiec nitro alcohols 
are 1-nitro-1-desoxy-L-mannitol, m.p. 133-134°, and 1-nitro-1-desoxy-- 
glucitol, m.p. 107-108°. 

1-C™-p-Mannose—5 gm. of the above 1-nitro-1-desoxy-p-mannitol were 
dissolved in 15 ec. of 2 N sodium hydroxide and added dropwise to a stirred 
solution of 7.5 cc. of sulfuric acid in 9 cc. of water at 10-15°. The resulting 
solution was diluted to 100 cc. with water and just neutralized with solid 
sodium carbonate. Phenylhydrazine (3 cc.) in 7 cc. of acetic acid was then 
added. After standing overnight at 0°, the precipitated hydrazone was 
filtered and washed with water, ethanol, and ether. The yield was 5.0 
gm. (78 per cent), m.p. 190-191°. 

Cleavage of the hydrazone with benzaldehyde in the usual manner yielded 
2.45 gm. of crystalline D-mannose, m.p. 127-131°. (0.9 gm. of mannose 
phenylhydrazone was recovered from the mother liquors; yield, 90 per cent.) 

1-C''-p-Glucose—3 gm. of the above 1-nitro-1-desoxysorbitol in 9 cc. of 
2 sodium hydroxide were added dropwise to a stirred solution of 4.5 ce. 
of sulfuric acid in 5.5 ec. of water at 10-15°. After dilution to 125 ec. with 
water, the solution was just neutralized to Congo red with barium hydroxide 
solution and filtered. The solution was then passed successively through 
two columns containing respectively 100 gm. of Amberlite IR-100-AG? and 
100 gm. of Duolite A-4.5 The sirup obtained on concentration crystallized 
readily when mixed with a few drops of ethanol and warmed at 50°. The 
yield of p-glucose was 1.5 gm. (58 per cent), m.p. 142-145°. The residual 
sirup from the first crystallization was redissolved with 2 gm. of non- 
radioactive D-glucose and yielded 2.0 gm. of radioactive glucose, m.p. 145- 
146°, showing 14 per cent of the activity of the more active sample above. 

Measurement of Radioactivity—The sugars were mounted directly as thin 
films (about 20 y per sq. cm.) on stainless steel disks by evaporation with 
ethanol and counted in the RCL nucleometer (Radiation Counter Labo- 
ratories, Chicago). The observed activity was 62,000 + 2000 counts per 
minute per mg. 


SUMMARY 


C-Methyl iodide has been converted to C'-nitromethane and C"- 
methyl nitrite by the Victor Meyer reaction with silver nitrite. 

C™-Nitromethane has been condensed with p-arabinose to give radio- 
active 1-nitro-1-desoxysorbitol and 1-nitro-1-desoxy-p-mannitol. 





soluble 1-nitro-1-desoxysorbitol and 1-nitro-1-desoxy-p-mannitol. Seeding crystals 
of the pure isomers may be used advantageously. 

' Chemical Process Company, San Francisco, California. Before use, this material 
was treated with several volumes of 5 per cent sodium chloride solution and then 
washed with distilled water until chloride-free. 
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The sugar nitro alcohols have been converted to crystalline D-mannose 


and p-glucose containing C™ in the aldehyde carbon. 
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STUDIES OF THE MECHANISM OF HISTIDINE SYNTHESIS 
IN LACTIC ACID BACTERIA* 


By HARRY P. BROQUIST anp ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, March 21, 1949) 


Little is known of the mechanism of biosynthesis of histidine. The 
occurrence of the imidazole ring in both histidine and the purine bases 
suggests a relationship between these metabolites. It was early found 
that ingestion of histidine increased the excretion of allantoin in rats, and 
on this basis it was postulated that histidine might serve as a precursor 
of the purine bases (1, 2). More recent experiments, however, seem to 
exclude this possibility (3-5). The converse relationship, 7.e. that the 
purine bases might serve as precursors of histidine, was envisaged (6), but 
no evidence in support of this idea was found, since rats failed to show 
increased growth when purine bases were added to a histidine-free ration 
(6). 

Appropriate studies with Lactobacillus arabinosus showed that under 
appropriate conditions histidine and purine bases showed a common effect 
in promoting growth. Further studies of this phenomenon with several 
bacteria fail to support the view that histidine functions as a precursor 
for synthesis of purine bases, but indicate strongly that the purine bases 
do serve as precursors in the synthesis of histidine. Vitamin Bs is required 
for synthesis of histidine in these organisms; data given below demonstrate 
that it is necessary for conversion of imidazolepyruvic acid to histidine. 


Methods 


Cultures and Media—Lactobacillus arabinosus 17-5, Lactobacillus casei, 
and Streptococcus faecalis R were used in this study. Methods for care of 
stock cultures and preparation of inocula have been described (7). A 
synthetic medium which permitted the elimination of histidine, purine 
bases, or vitamin Bs was employed. The basal medium used for L. arabi- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Schenley Research 
Foundation. We are indebted to Dr. W. Shive and Dr. L. D. Wright for gifts of 4(5)- 
aminoimidazole-5(4)-carboxamide and to Dr. W. C. Rose for samples of 4(5)- 
imidazolealdehyde, 4(5)-imidazolecarboxylic acid, 8-4(5)-imidazoleacrylic acid, 
and 8-4(5)-imidazolelactic acid. A preliminary report of this work was made at the 
meeting of the American Society of Biological Chemists at Detroit, April 19-22, 1949 
(Federation Proc., 8, 188 (1949)). 
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nosus and L. caset is given in Table I. For culture of S. faecalis, the 
sodium acetate of this medium was omitted and the concentration of 
sodium citrate, K,HPO,, and KH:PO, were increased to the levels em- 
ployed by Rabinowitz and Snell (9). Time and temperatures of incubation 
are given in Tables II to IV; growth was measured turbidimetrically with 
the Evelyn colorimeter. 


TaBLe | 





Composition of Basal Medium for L. arabinosus and L. casei* 








Amount Amount 
per 100 | per 100 
Component > Component bo J 
; Strength | strength 
| medium | medium 
gm. Y 
Glucose 2.0 Riboflavin 40 
Sodium citrate (U. 8. P. XII) 2.0 | Pyridoxal hydrochloride 20 
“ acetate (anhydrous) 1.2 | Calcium pantothenate 40 
KH;PO, 0.6 Thiamine chloride 20 
K,HPO, 0.6 | Nicotinic acid 40 
mg. Biotin 0.2 
MgS0,-7H:0 100 | Pteroylglutamic acid 2.0 
MnS0O,-H:0 100 me. 
NaCl 2 | pL-Alanine 200 
FeSO,-7H,0 2 pu-Aspartic acid | 200 
Adenine sulfate 2 L-Glutamic acid 200 
Guanine hydrochloride 2 L-Arginine hydrochloride 40 
L-Lysine hydrochloride 40 
Other amino acidst 
L forms or | 20 each 
DL forms 49 “ 











* The composition of the medium is based on that of Henderson and Snell (8) 
and that of Williams, Broquist, and Snell (7). 

+ Cystine, glycine, histidine, isoleucine, leucine, methionine, phenylalanine, 
proline, serine, threonine, tryptophan, tyrosine, and valine. 


Preparation of 8-Imidazolepyruvic Acid—2-Pheny]-4-(1-acetylimidazolyl- 
4(or 5)-methylidene)-oxazolone was prepared as described by Pyman (10) 
by condensation of hippuric acid with 4(5)-imidazolealdehyde in the 
presence of sodium acetate and acetic anhydride. This compound (1 gm.) 
was hydrolyzed by refluxing for 2.5 hours with 40 ml. of 6N HCl. After 
cooling, the benzoic acid was removed by ether extraction. The aqueous 
residue was concentrated to dryness in vacuo, and the residue extracted 
with 5 ml. of hot ethanol. The ethanol extract was concentrated in vacuo 
to dryness, dissolved in 3 ml, of water, cooled in an ice bath, and NaOH 
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added dropwise, with stirring. Imidazolepyruvic acid precipitates near 
its isoelectric point, and was filtered, washed with acetone, and dried. 
Yield, 150 mg. (30 per cent of theory); neutralization equivalent found, 
156; calculated, 154. Additional keto acid can be obtained from the 
mother liquors. 

As reported by others (11) this compound does not show a good melting 
point; for further characterization it was converted to the 2 , 4-dinitrophenyl- 
hydrazone. ‘The first product, obtained in quantitative yield, isa hydrated 
2,4-dinitrophenylhydrazone of imidazolepyruvic acid hydrochloride (12). 
After recrystallization it decomposed at 190-192°. On heating for 50 
hours at 140° and 1 mm. pressure over calcium chloride this product 
was converted to the 2 ,4-dinitrophenylhydrazone of imidazolepyruvic acid 














TaBLeE II 
Relationships between Purine Bases, Histidine, and Vitamin By, in Growth of L. 
arabinosus 
Pyridoxal present | Pyridoxal omitted 
Omissions from basal medium Per cent of incident light transmitted® 
36 hrs. | 60 hrs. | 36 hrs. 60 brs. 
= ee | | 
| ee ee ee a 24 | 24 25 25 
MBRNEDO: ODO CUBNINGE 65. 65:0 655 0:0:0:2050)84 deren 24 «| 25 39 39 
Histidine. Peer eee 25 | 25 98 93 
Adenine, guanine, and histidine... .......46: 99 | 38 | 97 96 














bg Beincculeted sendin = 100; incubated at, 37°. 


which decomposed at 240°. Stumpf and Green (12) report 192° and 239° 
respectively, as the decomposition points of these two compounds. 


Results 


Data summarizing the interrelationships of histidine, purine bases, and 
vitamine Bs in growth of L. arabinosus are summarized in Table II. In 
the presence of vitamin Be (pyridoxal) neither an external source of histidine 
nor of purine bases is essential for rapid growth; when both are omitted 
together, however, growth is markedly retarded. During the first 36 
hours of incubation, therefore, addition of either histidine or purine bases 
has the same marked effect upon growth. These results suggest a product- 
precursor relationship between histidine and the purine bases as illustrated 
by the equation 


a 
Purine base ~-—— ; ~——— histidine (1) 
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but give no evidence of whether the reaction proceeds according to Re- 
action 1, a or b.. When either the product or a readily utilizable precursor 
of it is supplied, rapid growth occurs; when both are absent and must be 
synthesized, growth is much slower. 

In the absence of added vitamin Be, histidine becomes essential for 
growth of this organism; i.e., it can no longer be synthesized (Table II), 
Under these conditions, the purine bases do not replace histidine. Thus, 
in accordance with the previous report of Lyman et al. (13), the vitamin 
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MICROGRAMS HISTIDINE PER 6 ML 


Fic. 1. Comparative histidine requirement of S. faecalis in the presence and ab- 
sence of purine bases. A 60 myugm. of pteroylglutamic acid per 6 ml.; O, 200 7 of 
hypoxanthine and 60 y of thymine per 6 ml. Incubated 24 hours at 37°. 


Bs requirement of L. arabinosus is greatly enhanced by the absence of 
histidine from the medium, apparently because vitamin Bg is required in 
its synthesis, 

The possibility that histidine might serve as a precursor for purine 
bases (Reaction 1, b, above) was first considered. The nutritional re- 
quirements of S. faecalis permitted an examination of this possibility. 
This organism requires either folic acid or a mixture of thymine and purine 
bases for growth (14-16). In the presence of folic acid, therefore, it can 
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synthesize purine bases; in the absence of folic acid it cannot, and must 
have them preformed in the medium. If histidine, which is required 
preformed by this organism, serves as a precursor of purine bases, then 
the requirement of the organism for histidine should be increased when 
the organism is cultured under conditions such that it must synthesize 
purine bases. The histidine requirement of S. faecalis was therefore 
compared in a medium which contained folic acid, but no purine bases, 
and a medium which contained thymine and hypoxanthine in place of 
folic acid. ‘The results (Fig. 1) show that the histidine requirement is 
identical in both cases. Histidine does not, therefore, serve as a pre- 
cursor for purine synthesis in this organism, a conclusion in full agreement 
with that reached by modern techniques in higher animals (3-5). 

To test the alternative hypothesis, that the purine bases might serve as 
precursors in the synthesis of histidine (Reaction 1, a), L. caset was used. 
This organism does not have an absolute requirement for histidine (17); 
and after successive subcultures in the presence of decreasing amounts of 
histidine the organism grew well without added histidine. The folic acid 
requirement of this organism can also be eliminated by a mixture of purine 
bases and thymine,' which are essential for growth in the absence of folic 
acid (15). By omitting folic acid from the medium, but including excess 
thymine, the organism responds to graded levels of purine bases. Thus, 
as is shown in Fig. 2, it was possible to determine the requirement of L. casei 
for the purine base guanine in the presence and absence of histidine. 
Significantly higher amounts of guanine were required by the organism under 
conditions in which histidine had to be synthesized. This was interpreted 
to mean that some of the guanine was being utilized in the biosynthesis of 
histidine, in accordance with Reaction 1, a, above. 

Indirect evidence strengthening the view that purine bases function 
as precursors in synthesis of histidine was obtained by ‘inhibition analysis” 
(18). It was found that imidazolealdehyde was markedly inhibitory for 
growth of L. arabinosus under certain conditions. Thus, as is shown in 
Curve 1, Fig. 3, if both the purine bases and histidine were omitted from 
the medium, less than 100 y of imidazolealdehyde completely inhibited 
growth of L. arabinosus. If histidine was now added at a level sufficient 
for maximum growth of the organism, imidazolealdehyde was less effective 
as @ growth inhibitor, as shown in Curve 2, Fig. 3. If the histidine level 
was now increased 50-fold, the degree of inhibition by imidazolealdehyde 
was not further affected, indicative of a non-competitive relationship be- 


' Various authors (e.g. (17)) have reported only partial replacement of folic acid 
by purine bases and thymine for this organism. If purine bases and thymine are 
added in sufficient amounts, however, growth with them is essentially as good as with 
folic acid. 
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tween histidine and imidazolealdehyde. When histidine was omitted from 
the medium and a mixture of purine bases sufficient for maximum growth 
of the organism was added, imidazolealdehyde became markedly less effec. 
tive as a growth inhibitor as shown in Curve 3, Fig. 3. Lastly, if excess 
histidine was added in addition to the purine bases of Curve 3, the inhibitor 
was completely ineffective (Curve 4, Fig. 3). Although the sites of action 
of this inhibitor are not fully known, these data are consistent with the 
view that at low concentrations the inhibitor interferes primarily with 
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Fic. 2. The sparing action of histidine on the requirement of L. casei for purine 
bases. Incubated 72 hours at 37°. 





synthesis of the purine bases, while at higher concentrations it also pre- 
vents transformation of purine bases to histidine. At low concentrations, 
therefore, its effectiveness as an inhibitor is markedly reduced by addition 
of purine bases, since when these are present the inhibited reaction is no 
longer essential for growth. The limited action of histidine in alleviating 
toxicity at these low levels of the inhibitor (Curve 2, Fig. 3) results from 
its sparing action on the amount of purine bases necessary for growth. 
At higher concentrations of inhibitor, purine bases alone are no longer 
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fully effective in overcoming the inhibitory action, since at these concen- 
trations the inhibitor also prevents transformation of purine bases to 
histidine. Addition of the product of this inhibited reaction, histidine, to 
the medium then renders the inhibitor wholly ineffective. 

The comparative activities of various purine bases and related products 
in promoting growth of L. arabinosus in a medium free of both histidine and 
purine bases were next determined (Table III). Histidine itself is most 
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Fig. 3. Effect of purine bases and histidine on inhibition of growth of L. arabinosus 
by imidazolealdehyde. Curve 1, no histidine or purine bases in medium; Curve 2, 
200 y of histidine, no purine bases; Curve 3, 50 y each of adenine sulfate, guanine 
hydrochloride, xanthine, and hypoxanthine, no histidine; Curve 4, as in Curve 3 
plus 200 y of histidine. Incubated 64 hours at 37°. 


elective in promoting growth under these conditions, but is approached 
very closely by xanthine and guanine. Adenine and hypoxanthine are 
much less effective over the shorter time interval (36 hours), but with suffi- 
cient time (48 hours) show full effectiveness. Separate trials showed that 
adenosine, inosine, and guanosine were never more, and were sometimes 
less, active in promoting growth under these conditions than the parent 
purine bases, suggesting their conversion to the purine bases before utili- 
tation for histidine synthesis. 5(4)-Amino-4(5)-imidazole carboxamide, 
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a proposed intermediate in purine synthesis (19), also stimulated growth 
of L. arabinosus in the histidine-deficient medium, but was less effective 
than any of the purine bases. This suggests that it is first converted to a 
purine base, after which histidine synthesis occurs. Allantoin was jn- 
effective, while uric acid was somewhat inhibitory. 

Under the above growth conditions, which require synthesis of histidine, 
xanthine is the most active purine base, whereas hypoxanthine is one of 
the least active. In previous reports of the relative activity of the purine 
bases in promoting growth of L. arabinosus in complete media (in which 
histidine synthesis was unnecessary), hypoxanthine was more effective 
in promoting growth than xanthine or other purine bases (20, 21). The 
growth curves of L. arabinosus in Fig. 4 emphasize the differences in bio- 
logical activity that can be demonstrated for hypoxanthine and xanthine, 
depending on whether or not the organism must synthesize histidine. In 


TABLE III 


Comparative Activities of Various Purine Bases and Related Compounds in Pro 
moting Growth of L. arabinosus in Histidine-Free Medium 


Hypoxanthine Adenine Guanine Xanthine Histidine 


Amount per 6 ml. Per cent of incident light transmitted* 


36 hrs. | 48 hrs. | 36 hrs. | 48 hrs. | 36 hrs. | 48 brs. | 36 hrs. | 48 hrs. | 36 hrs. | 48 hrs 
---— - ss 


— | ° —- 


| 


0 100; 89 100 89 100; 89 100) 89 100 89 


3 100 74 98 | 72 96 | 82 89 | 83 90 86 
30 100 47 97 47 62 49 56 | 43 50 | 48 
300 97 | 28 97 29 25 25 7 | 26 4 2% 


* Uninoculated medium = 100; incubated at 37°. 


a medium deficient in both purine bases and histidine there was a very 
marked lag phase in the growth of L. arabinosus, as shown by Curve 6. 
If histidine was present in the medium, growth was considerably acceler- 
ated (Curve 3). Furthermore if both purine and histidine were present, 
then hypoxanthine (Curve 1) was more stimulatory than xanthine (Curve 
2). Although the difference in activity of the two purine bases was not 
large, repeated trials consistently favored hypoxanthine over xanthine 
in promoting early growth of L. arabinosus under these conditions. In 
marked contrast, however, was the finding that in the absence of histidine, 
i.e. under conditions requiring histidine synthesis, xanthine (Curve 4) was 
markedly superior to hypoxanthine (Curve 5) in promoting early growth 
of the organism. These data and those of Table III indicate that xanthine 
is the preferred precursor for histidine synthesis, although other purine 
bases will also serve. 
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The data of Table II show that when vitamin Bes was omitted from the 
medium, histidine was required by L. arabinosus, even though purine bases 
were in the medium. This was interpreted to mean that vitamin Beg is 
involved in the synthesis of histidine from purine bases. Several com- 
pounds were examined as possible intermediates in this synthesis by testing 
them for growth-promoting action in a histidine-free medium in the pre- 
sence and absence of vitamin By. The basal medium (Table I) from 
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HOURS OF INCUBATION 
Fig. 4. Comparative activities of xanthine and hypoxanthine in promoting growth 
of L. arabinosus in the presence and absence of histidine. Curve 1, hypoxanthine 
plus histidine; Curve 2, xanthine plus histidine; Curve 3, histidine with purines 
omitted; Curve 4, xanthine with histidine omitted; Curve 5, hypoxanthine with his- 
tidine omitted; Curve 6, histidine and purine buses omitted. All compounds were 
added at a level of 500 y per 6 ml. Incubation at 37°. 


which histidine, purine bases, and pyridoxal were omitted sufficed for this 
purpose with L. arabinosus. With S. faecalis, which requires histidine 
even in the presence of the purine bases, only histidine and pyridoxal were 
omitted. S. faecalis requires p-alanine for growth in the absence of 
vitamin Bg (22); an excess of this compound was therefore added to both 
vitamin Be-deficient media. The results are shown in Table IV. Histi- 
dine promoted growth of both organisms even though vitamin Bs, was 
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omitted from the medium. Imidazole, imidazolecarboxylic acid, imid- 
azoleacrylic acid, imidazolelactic acid, and histamine were all inactive 
under the conditions of assay. These compounds are probably not inter- 
mediates, therefore, in the conversion of purine bases to histidine. Imid- 
azolepyruvic acid, however, was utilized for histidine synthesis by both 
organisms when vitamin Bs was present, but not when this vitamin was 
absent. This keto acid may well be a normal intermediate, therefore, 
in the synthesis of histidine. The fact that purine bases duplicate the 














TaBLe IV 
Growth-Promotion by Substituted Imidazoles in Presence and Absence of Vita- 
min Bs 
S. faecalis | 5. wei 
Pyri- | Pyri- | Pyri- | Pyrite 
Additions to 6 ml. of histidine-free medium* doxal | doxal | doxal | doxal 
present | omitted) present | omitted 
Per cent of incident light 
transmittedt 
— —— 
eee EN i ids Be i pbana'e'nak :wiieamesee 100; 100| 76 | 97 
OS ee Pe er ee a 55 57 | 25 | 42 
ot aaa a Ss, rr ans a i 100 | 100)! 76 97 
Imidazolecarboxylic acid (1 mg.)....................----| 100} 100} 75 
Imidazoleacrylic acid (1 mg.).......................-+.-| 100] 100] 75 | 97 
Re (ae Se ea re Se 100 | 100; 75 | 94 
ne ete Balt PRR ee eee 51 99 |} 35 97 
NNN os cbc ci. as ow anise cred ends ane Cameo 100; 100) 76 | 97 
Reaction product of imidazolepyruvic acid and glutamic 
NE carb hi su eke oitanna Mea e TO wus Cae si 52 62 











* Purine bases were also omitted from the medium for L. arabinosus, but not for 
S. faecalis (see the text). 


¢ Uninoculated medium = 100. S. faecalis was incubated for 24 hours at 37°; 
L. arabinosus for 36 hours at 37°. 


¢ 3 mg. of imidazolepyruvic acid and 90 mg. of glutamic acid in 6 ml. of water at 
pH 7.0 were boiled under a reflux for 8 hours. Aliquots equivalent to 0.5 mg. of 
initial imidazolepyruvic acid were assayed. 


growth-promoting action of histidine for L. arabinosus only when vitamin 
Be is present (Table II) may result wholly or in part from the essential 
rdéle of this vitamin in converting imidazolepyruvic acid into histidine. 
Although the mechanism of the latter conversion is unknown, the known 
function of vitamin Bg in catalyzing transamination reactions (23, 24) 
makes this a logical route. That imidazolepyruvic acid can be transformed 
into histidine by chemical transamination is shown by the last line of 
Table IV. The reaction product obtained when imidazolepyruvic acid 
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was refluxed with excess glutamic acid promoted growth of S. faecalis in 
the absence of vitamin Be, indicating that histidine had been formed. 

A quantitative comparison of the response of S. faecalis to histidine 
and imidazolepyruvic acid in the presence and absence of vitamin Beg is 
shown in Fig. 5. With vitamin Bg in the medium, imidazolepyruvic acid 
was only slightly less active than was L-histidine. The marked difference 
in response of S. faecalis to histidine and imidazolepyruvic acid in the 
absence of vitamin Bs (Curves 2 and 4, Fig. 5, respectively) provides 
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CURVE 2. HISTIDINE + DL-ALANINE 
CURVE3. IMIDAZOLE PYRUVIC ACID + VITAMIN Be 


CURVE4. IMIDAZOLE PYRUVIC ACID + OL-ALANINE 
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Fig. 5. Comparative activities of histidine and of 8-imidazolepyruvic acid in 
promoting growth of S. faecalis in the presence and absence of vitamin Bs. Curves 1 
and 3, 10 y of pyridoxal-HCl added per 6 ml.; Curves 2 and 4, pyridoxal omitted 
and § mg. of pL-alanine added per 6 ml. Incubated 24 hours at 37°. 


100 





convincing evidence for the essential réle of vitamin Bs in the conversion 
of this keto acid to the amino acid. 


DISCUSSION 


Results of the present study are in full accord with those of recent 
tracer experiments (3-5) and indicate that in these bacteria, as in animals, 
histidine does not serve as a precursor of purine bases. The finding that 
purine bases do apparently serve as precursors for synthesis of histidine 
should not be considered contradictory to the report of Cox and Rose (6), 
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who found that neither adenine, guanine, nor a combination of these com. 
pounds was able to replace histidine for growth of the rat. The latter 
animal, like S. faecalis, requires histidine for growth even though purine 
bases are present in the ration; 7.e., the step in the synthesis of histidine 
which is deficient in these organisms lies between the purine bases and 
histidine (but before imidazolepyruvic acid) and consequently addition 
of the purine bases does not permit growth. In L. arabinosus, by contrast, 
the rate at which appropriate purine bases are synthesized limits the rate 
at which histidine can be synthesized; consequently, addition of either 
histidine or purine bases greatly enhances the rate of growth. Since 
purine bases are also required for purposes other than histidine synthesis, 
the further addition of purine bases to a medium containing histidine 
further enhances the growth rate (Fig. 4). Since the function served by 
the purine bases in the absence of histidine differs from that when histidine 
is present, it is easily seen why one purine base (xanthine) should be superior 
to another (hypoxanthine) in the absence of histidine, and how these 
relationships might be changed when histidine was present. 

The finding that vitamin Bg is essential for conversion of imidazolepyru- 
vie acid to histidine is of considerable interest, since it implies far wider 
significance for the transamination reaction in living organisms than has 
been indicated by the results of enzyme studies in vitro (24—26). 


SUMMARY 


In a synthetic medium free of purine bases and histidine, addition 
of either purine bases or histidine greatly stimulates growth of Lacto- 
bacillus arabinosus. This indicates a metabolic relationship between these 
compounds. If vitamin Bg is omitted from the medium, only histidine 
is effective in promoting growth. 

The histidine requirement of Streptococcus faecalis was identical whether 
this organism was grown under conditions such that it synthesized purine 
bases, or whether it was grown under conditions such that it required 
purine bases preformed in the medium. It was concluded, therefore, that 
histidine does not serve as a precursor for synthesis of purine bases. In 
contrast, the requirement of Lactobacillus casei for purine bases was en- 
hanced when this organism was grown in the absence of histidine. ‘The 
conclusions were drawn that the purine bases serve as precursors for 
histidine synthesis in these organisms, and that vitamin B, is involved in 
this synthesis. 

Imidazolealdehyde inhibits growth of L. arabinosus; this inhibition is 
partially overcome by the individual addition of either purine bases or 
histidine, and is completely eliminated by a mixture of the two. ‘The 
data are consistent with the interpretation that purine bases serve as 
precursors for histidine synthesis in these bacteria. 
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m- Imidazolepyruvic acid replaces histidine for both L. arabinosus and S. 
ter faecalis when vitamin Bg is present, but not when the vitamin is absent. 
ne It is postulated that the keto acid is a normal intermediate in histidine 
ne synthesis, and that vitamin Be is required for its conversion to histidine, 
nd probably by transamination. Imidazoleacrylic and imidazolelactic acids 
on did not substitute for histidine under any conditions, and are probably 
St, not normal intermediates in histidine synthesis in these bacteria. 
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ELECTROPHORESIS AND SOLUBILITY OF 
CHYMOTRYPSINOGEN B AND 
CHYMOTRYPSIN B* 


By VIRGINIA KUBACKI,t KENNETH D. BROWN, 
anD M. LASKOWSKI 


(From the Department of Biochemistry, Marquette University 
School of Medicine, Milwaukee) 


(Received for publication, March 25, 1949) 


During the past few years the work carried out in this laboratory on 
proteins from beef pancreas first led to the crystallization of a new protein 
(2). A year later this protein was identified as a proteolytic zymogen (3). 
Last year the active enzyme was also obtained in a crystalline form (4). 
Since the active enzyme resembled chymotrypsins' (5, 6) in several re- 
spects (4, 7), the name chymotrypsin B was suggested for the active en- 
zyme and chymotrypsinogen B for its zymogen (4). 

Fruton (7) investigated the specificity of chymotrypsin B toward sev- 
eral synthetic substrates and found it to be identical with that of other 
chymotrypsins. The differences in chemical properties were, however, 
indicated by the method of preparation and by a somewhat slower rate of 
hydrolysis of casein by chymotrypsin B (4). 

The purpose of the work presented in this paper was to investigate the 
purity of proteins of the B series, and to compare some properties of these 
proteins with the respective properties of chymotrypsin a and its zymogen. 


* Aided by grants from the Donner Foundation, Inc., the John and Mary R. Markle 
Foundation, and the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. A preliminary report 
has been published (1). 

t Some of the data included in this report were taken from a thesis submitted by 
Miss Virginia Kubacki to the Graduate School of Marquette University in partial 
fulfilment of the degree of Master of Science. 

t Predoctorate Research Fellow of the United States Public Health Service. 

!When originally crystallized by Kunitz and Northrop (5), chymotrypsin had no 
additional symbol assigned to it for the further identification. Later Kunitz (6) 
described the crystallization of two other forms, chymotrypsin 8 and chymotrypsin 
y, and referred to the original form as chymotrypsin @. Since at that time only 
one chymotrypsinogen was known, it was not further specified by a Greek letter. 
It seems to us that by implication the original chymotrypsinogen should have the 
symbol a reserved for it. For the sake of brevity and uniformity we refer to both 
original proteins obtained by Kunitz and Northrop as proteins of the a series, hop- 
ing that in so doing we comply with the authors’ intention. 
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EXPERIMENTAL 


Chymotrypsinogen B and chymotrypsin B were prepared as previously 
described (2, 3) and were recrystallized a minimum of four times. Chy. 
motrypsinogen a and chymotrypsin a@ were prepared according to Kunitz 
and Northrop (5). 

The electrophoretic experiments were conducted as follows. Sufficient 
protein was dissolved in 20 ml. of buffer of 0.1 ionic strength to make a 
solution of 1 per cent in respect to protein. Two sets of buffers were used: 
acetate and glycine-sodium hydroxide. The protein solution was dialyzed 
at 5° against 1500 ml. of the same buffer for a minimum of 24 hours.  Elee- 


























trophoresis was carried out in a standard 15 ml. cell at 3°. Time, pH, and 
I cc 
: ms | 
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Fic. 1. J and JJ, patterns of a 1 per cent solution of chymotrypsinogen a in a 
0.1 » glycine-sodium hydroxide buffer at pH 8.44 after 100 minutes at 4.6 volts per 
em. III and IV, electrophoretic patterns of a 1 per cent solution of chymotryp- 
sinogen B in a 0.1 » acetate buffer at pH 5.66 after 100 minutes at 6.76 volts per em 


field strength are specified for each experiment. Calculations were made 
from the descending boundary only. 

Fig. 1 shows the electrophoretic pattern of chymotrypsinogen B (/// 
and IV). For the purpose of comparison the patterns obtained with 
chymotrypsinogen a are also shown in Fig. 1 (J and JJ). Fig. 2 shows the 
patterns for chymotrypsin @ (J and JJ) and for chymotrypsin B (//J and 
IV). Each of the presented patterns shows a single component, indicat- 
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ing the ‘electrophoretic’? purity of the protein. No difference in this 
respect can be found between a and B proteins. 

The non-identity of chymotrypsinogen B with chymotrypsinogen a is 
apparent from Fig. 3. This experiment was performed on lyophilized pro- 
tems Which were mixed in a 50:50 ratio prior to electrophoresis. The 
pattern shows the presence of two components in approximately equal 
amounts, if allowance is. made for the small amounts of salt present in 
lyophilized material. At pH 6.1 the two proteins moved in the opposite 
direction as shown from their positions relative to the 6 and e boundaries. 
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Fie. 2. J and JJ are electrophoretic patterns of « 1 per cent solution of chymo 
trypsin a in a 0.1 w glycine-sodium hydroxide buffer at pH 8.20 after 120 minutes at 
46 volts perem. JIJ and IV, electrophoretic patterns of a | per cent solution of 
chymotrypsin B in a 0.1 uw acetate buffer at pH 5.10 after 100 minutes at 5.8 volts per 
em. 

Further proof of non-identity is supplied by the plH-mobility curves 
(Fig. 4). Under our experimental conditions the zero mobility points of 
chymotrypsinogen @ and chymotrypsin @ were found to lie far to the alka- 
line side of the previously reported isoelectric points of 5.0 and 5.4 re- 
spectively, as determined by the migration of collodion particles coated 
with these proteins (5). It is of interest to note that the slope of the curve 
of chymotrypsinogen a@ (Fig. 4) at the region of pH 5.5 is very similar to 
the slope at the region of pH 8.5. 

The curves representing active chymotrypsins @ and B are similar in 
shape to the respective curves of their zymogens, but are shifted to the 
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left. In other words the zero mobility lies in both cases at a lower pH for 
the active than for the inactive form. During the process of preparation 
of chymotrypsin B and its zymogen, as well as during the studies of soly- 
bility, it was noticed that the pH at which minimum solubility was ob- 
served varied with the concentration of neutral salts. 

Solubility studies on chymotrypsin B and its zymogen were conducted 
according to the method of Kunitz (8). The concentration of dissolved 
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Fic. 3. Electrophoretic pattern of a 1:1 mixture of chymotrypsinogen @ and 
chymotrypsinogen B in a 0.1 « acetate buffer at pH 6.10 after 100 minutes at 6.7 volts 
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Fic. 4. pH-mobility curves 


proteins was determined spectrophotometrically at 280 mu by using the 
factors previously reported (4). Prior to the solubility determination, the 
proteins were equilibrated with the solvent to be used as many times as 


was necessary to arrive at a constant concentration in the supernatant 
liquid. 
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> Protein per ml. solution introduced 
Fie. 5. Solubility curve of chymotrypsinogen B, in 0.1 m acetate buffer, pH 4.97, 
made 0.27 saturated in respect to ammonium sulfate. The dotted line represents 
the solubility for a system composed of one component. 
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Fig. 6. Solubility curve of chymotrypsin B in 0.1 m acetate buffer, pH 4.08, made 
0.5 saturated in respect to ammonium sulfate. 





Chymotrypsinogen B used for the solubility studies was prepared ac- 
cording to the method previously described (3) with the exception that 
each recrystallization was carried out from a larger volume (3 volumes in- 
stead of the minimum amount) of solvent. The final recrystallization was 
made from 0.27 saturated ammonium sulfate. 
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Fig. 5 shows the experimental results. The dotted line was drawn to 


represent a system composed of one component. The points obtained with. | 


(0.6 and 1.0 mg. of solid phase deviate sufficiently from the theoretical curye 
to indicate the presence of an impurity. The extent of the deviation indi- 
cates that the impurity is present in a relatively small amount. 

The material for the determination of solubility of chymotrypsin B was 
prepared in the usual manner (4). After four recrystallizations chymo- 
trypsin B was dissolved in 10 volumes of 0.5 saturated ammonium sulfate 
at pH 5.2 and dialyzed against 0.5 saturated ammonium sulfate at pH 4.0 
for 48 hours. 

The resulting precipitate was amorphous. It was equilibrated with 0.1 
M acetate buffer, pH 4.08, made 0.5 saturated in respect to ammonium sul- 
fate. The solubility curve of chymotrypsin B is shown in Fig. 6. The 
presence of one contaminant is indicated by the shape of the curve. As 
in the previous case the amount of contaminant is small. 


SUMMARY 


By the electrophoretic technique chymotrypsinogen B and chymotrypsin 
B were found to be as pure as chymotrypsinogen a and chymotrypsin a, 
The zero mobility was found for chymotrypsin B at pH 4.7 and for chymo- 
trypsinogen B at pH 5.2. The B proteins were distinctly different from 
the respective a proteins. The zero mobility for chymotrypsin a was 
found at pH 8.3, and for chymotrypsinogen @ at pH 9.1. 

By the solubility studies the presence of a small amount of contaminant 
has been demonstrated in both chymotrypsinogen B and chymotrypsin B. 


The authors wish to thank Mr. L. C. Massopust for the drawings. 


Addendum—After this manuscript was completed, the paper of Anderson and 
Alberty (9) came to our attention. These authors reported the isoelectric point for 
chymotrypsinogen a as 9.5 and for chymotrypsin @ as 8.6 in 0.01 uw buffers, and 81 
for chymotrypsin a@ in 0.1 » buffer. Our results agree with these values fairly well. 
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THE NITROGENOUS METABOLISM OF THE EARTHWORM 
(LUMBRICUS TERRESTRIS) 


By STANLEY COHEN ann HOWARD B. LEWIS 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor) 


(Received for publication, March 28, 1949) 


Our knowledge of the nitrogenous metabolism of most invertebrates 
is meager. As a contribution to the study of comparative biochemistry, 
we have investigated in some detail the excretion of compounds of nitrogen 
by the earthworm, Lumbricus terrestris, a representative of the phylum, 
Annelida. 

In 1908, Lesser (1), atter storage of fresh earthworms (Lumbricus agri- 
cola, Allolobophora foetida) for 24 hours, was unable to detect in the wash- 
ings uric acid, allantoin, or urea, although traces of ammonia were present. 
The enzymes, xanthine oxidase, uricase, allantoinase, and allantoicase, are 
apparently not present in the tissues of Lumbricus (2, 3), although the 
presence of urease in small amounts in Lumbricus agricola has been 
claimed (4). However, urea could not be detected in extracts of the tissue 
of earthworms (5). 

According to Delaunay (6), the nitrogen of the excreta of earthworms 
consisted largely of ammonia with smaller amounts of urea and amino acid 
nitrogen, while uric acid was not present; urea accounted for from 6 to 38 
per cent of the total nitrogen. After an 8 day period of inanition, the ex- 
cretion of urea was increased 2- to 4-fold over the initial level. The smaller 
amounts of urea in the excreta of normal worms were ascribed to the decom- 
position of some urea by bacteria present in the gut. In the fasted worms, 
the amounts of solid material (and presumably bacteria) excreted were 
much smaller. The diminished bacterial activity was believed to be the 
factor in the higher content of urea in the excreta. In extracts of whole 
worms, traces only of uric acid were present, while considerable amounts 
of urea (12 mg. per cent) and ammonia nitrogen (10 mg. per cent) were 
found. 

The most extensive investigation of the metabolism of the earthworm, 
that of Heidermanns in 1937 (7), showed a much greater content of urea in 
the intestinal tissue than in the body wall. Urea was formed when peptone 
was incubated with mince prepared from the whole worm and from the 
intestine, but not with mince prepared from the body wall. Similarly 
preparations of intact tissue of the intestine formed urea in a peptone- 
containing medium. Neither arginine nor ornithine could replace the 

79 














SU NITROGEN EXCRETION OF EARTHWORM 


intestinal tissue. When ammonium salts were added, some ammonia dig. 
appeared, but no increased production of urea could be demonstrated. 

It was concluded that urea was formed in the intestinal wall, presumably 
by the chlorogogue cells, and excreted by the nephridia, that arginase was 
not present, and that the ornithine cycle of Krebs and Henseleit did not 
participate in the synthesis of urea in the earthworm (7). 


EXPERIMENTAL 


Animals—Mature earthworms (Lumbricus terrestris), ranging in weight 
from 3 to 5 gm. each, were collected on the university campus and were 
used within 24 hours after collection. No differences in the analytical 
values which could be related to seasonal differences (March to November) 
were observed. 

Collection of Excreta of Normal Earthworms—A container was designed 
to facilitate the quantitative collection of excreted material. A 15 em. 
length of glass tubing 7 mm. in diameter was fused to a small hole in the 
outer rim of the bottom of a 250 ml. Erlenmeyer flask. The tubing was 
inclined downward at a 30° angle from the vertical toward the center of the 
flask for a distance of 6 cm., and then vertically downward for the remaining 
distance. A 1-holed rubber stopper was fitted onto the glass tube, thus 
enabling the flask to be inserted in a 50 ml. centrifuge tube into which the 
excreta passed. To prevent the worms, which were placed in the flask, 
from crawling down the glass tube, a rubber-tipped glass rod was inserted 
into the tube, the rubber tip extending for 2em. The flask and rod were 
covered with a beaker during a collection period. 

All the experiments were conducted at a temperature of 8-12°. Three 
worms, gathered the previous night, were weighed, rinsed with distilled 
water, and placed in each flask. The worms were washed daily with 5 ml. 
of distilled water; the washings together with any solid excreta were allowed 
to drain into the centrifuge tube, which contained several small crystals of 
thymol. At the end of the 3rd day, the worms were washed with approxi- 
mately 10 ml. of distilled water, the 50 ml. collection tube was centrifuged 
to remove the solid dejecta, and the supernatant liquid was poured into a 25 
or 50 ml. volumetric flask with the aid of two washings of 2 ml. each of dis- 
tilled water. The contents of the flask were diluted to the mark with water 
and aliquots of this solution were used for the analyses. 1 ml. portions 
were used for the determination of ammonia, urea, and total nitrogen, respec- 
tively, and 5 ml. for the determination of allantoin. Aliquots, equivalent 
to 4.5 and 0.833 ml., were employed for the analyses of uric acid and non- 
protein nitrogen respectively. 
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Feeding Technique and Collection of Excreta in Feeding Experiments—In 
the feeding experiments, 0.1 ml. portions of the solutions were administered 
quantitatively with the aid of an automatic syringe of the Krogh and Keys 
(8) type. A fine glass capillary tube (4.5 cm. in length and 0.9 mm. in 
outer diameter) was attached to a shortened syringe needle of approxi- 
mately the same diameter as the capillary tube, by means of fine flexible 
plastic tubing, 1 cm. in length. The end of the glass capillary had been 
sealed with the formation of a very slight bulb, and a new opening blown 
at the side of the tip, approximately 1 mm. from the end. The syringe was 
then calibrated to deliver 0.1 ml. with an error not exceeding +0.003 ml. 

Partial narcotization of the animals was found necessary for the satisfac- 
tory administration of the solutions. Carbon dioxide, which has been used 
as an anesthetic for insects (9), stupefies earthworms in a few minutes at 
room temperature. 

The compounds to be studied were dissolved so that 0.1 ml. of the solu- 
tion contained the amount of nitrogen desired. The earthworms were 
weighed, placed in small Erlenmeyer flasks, and narcotized by allowing a 
gentle stream of carbon dioxide from a cylinder to flow over them for 3 
minutes. The worms should not be completely stunned, but merely slowed 
in their movements. The animals were then removed, placed on a sheet of 
filter paper, and gently rolled to remove any adhering mucus. They were 
then held near the anterior end with the left hand and the capillary tube 
attached to the syringe was inserted gently into the mouth. The insertion 
of the tube could be facilitated greatly by stretching the anterior portion 
of the worm with the fingers of the left hand, in order to straighten the 
esophagus. The capillary should be inserted into the gizzard to prevent 
regurgitation. This was accomplished by the insertion of the entire 
length of the capillary tube (approximately 4.5 cm.). If the worm was 
not stupefied completely, its own slight movements assisted this operation. 
The solution was then injected and the capillary tube was removed. The 
worms were placed on a clean filter paper to observe any regurgitation. 
This never occurred if the feeding was accomplished correctly. If regur- 
gitation was observed, the animal was discarded. The animals were then 
rinsed thoroughly with tap water and with distilled water successively. 
The worms were put into individual 25 ml. Erlenmeyer flasks, and the 
flasks were covered with beakers and placed in the refrigerator. At the 
end of 3 days, washings from each of three uninjured worms? were com- 
bined in a 25 ml. volumetric flask. The washing of each worm was made 


1 These syringes are obtainable from the Northern Tool and Die Company, Flush- 
ing, New York. 

? Worms were occasionally injured by a faulty feeding technique or by the adminis- 
tration of excess quantities of nitrogen. 
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with the aid of four 2 ml. portions of distilled water. The washings were 
made up to volume and aliquots were used for analysis. 

Analytical Methods—Ammonia was determined by the micro diffusion 
technique of Conway (10), and urea by the urease micro diffusion method 
of the same author (10). Total nitrogen values were obtained by diges. 
tion with a mixture of potassium sulfate and sulfuric acid, followed by 
nesslerization. Non-protein nitrogen was determined similarly, after 
the deproteinization of the excreta with trichloroacetic acid (5 per cent), 
Analysis for uric acid was made by an adaptation of the method of 
Christman and Ravwitch (11) for use with the Klett-Summerson photo. 
electric colorimeter and for allantoin plus allantoic acid according to the 
procedure of Christman, Foster, and Esterer (12). 

Preparations Used—.-Ornithine hydrochloride was prepared by the 
enzymatic hydrolysis of L-arginine according to the method of Hunter 
(13), L-citrulline from L-ornithine and urea by the method of Gornall and 
Hunter (14), and hydantoin from hydantoic acid by the procedure of 
Wagner and Simons (15). Analyses for nitrogen showed that the com- 
pounds thus prepared were of satisfactory purity. Glutamine was ob- 
tained from Dr. H. B. Vickery and allantoin was obtained from Dr. A. 
A. Christman. The other amino acids employed were pure commercial 
preparations. All which contained an asymmetric carbon atom were of 
the L configuration. 

The partition of the nitrogenous materials excreted by fresh* and fasted 
worms was determined. The fasted worms were allowed to remain at 4 
temperature of 8-12° without food for 18 days, with daily removal of 
excreta, before their nitrogenous excretion was measured. Usually 25 to 
100 mg. of solid material were eliminated by a fresh worm over a 3 day 
period and progressively lesser amounts during prolonged fasting, if 
coprophagy was prevented so far as possible. The results are shown in 
Table I. 

It can be seen that, while, in fresh worms, from 66 to 91 per cent of the 
total non-protein nitrogen was excreted as ammonia and less than 10 per 
cent as urea, in fasted worms, the nitrogen partition was _ reversed. 
After 18 days fasting, from 82 to 86 per cent of the nitrogen appeared as 
urea and less than 10 per cent as ammonia. Upon fasting, there was 4 
2- to 5-fold increase in the non-protein nitrogen excreted and an even 
more marked increase in the amount of urea produced. 

Even though the analytical methods used were not entirely specific, 
it may be concluded from Table I that neither uric acid, allantoin, nor 
allantoic acid was excreted in appreciable amounts by either fresh or 
fasted earthworms. 


’ The term fresh as used in this paper refers to earthworms which had been collected 
within 24 hours prior to an experimental procedure. 
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From 71 to 97 per cent of the non-protein nitrogen excreted by fresh 
worms and 91 to 95 per cent of the non-protein nitrogen by fasted worms, 
respectively, may be accounted for by the sum of the values obtained in 
the analyses (last column, Table I). The wide variation in fresh worms 
is probably due to the differences in the amounts of earthy material ex- 
ereted. 

The absence of urea in the excreta of fresh worms was not due to bac- 
terial decomposition. No disappearance of urea could be detected after 


TaBLe I 
Partition of Nitrogenous Material Excreted by Fresh and Fasled Earthworms 


Three worms were used in each experiment; the washings were collected during a 
3day period. The results obtained are calculated as micrograms of nitrogen ex- 
ereted per 10 gm. of worm per day. The results thus represent the average daily 
excretion over a 3 day period. The data in Experiments | to 4 present the results 
obtained with fresh worms; the results obtained with worms fasted 18 days prior to 
the collection of the excreta are recorded in Experiments 5 to 8. 





| Nitrogen excreted as 





at | Non-protein N 
NH: Urea Uric acid Allantoin® ve a - 
Observed | Calculatedt 
1 52 1 2 ao 7 | BS 
2 82 7 St "ae 105s 92 
3 56 1 | Fe 1.7 8 60 
4 40 | G04 Rebel Se ao 50 
5 23 | 195 1.9 | Trace 231 | 220 
6 15 158 = a i 189 | 174 
7 22 | 0 287 eo 275 «| ~=— (262 
8 ee FF | P 166 | 1651 


| i 
* The allantoin values include any allantoic acid which may be present, since both 
are determined by the procedure used. 
t The calculated non-protein nitrogen values are the summation of the ammonia, 
urea, uric acid, and allantoin nitrogen values. 


the incubation of urea with the intestinal contents of earthworms for 
24hours. Also, when 10 y of urea were added to three fresh worms in a 
metabolism flask, 8.6 to 9.4 y of the urea nitrogen were recovered. Addi- 
tional experiments indicated that the ammonia present was not derived 
from the decomposition of nitrogenous material after the excreta had been 
collected. It is not known whether the ammonia originally present in 
the intestinal tract was formed by such a decomposition or was excreted 
by the worms themselves. 

The excreta were then collected continuously in 3 day periods for 33 
days. The results are summarized in Table II. It is to be noted that 
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the earthworms were fasted during the entire period of the experiment, 
Thus, from the almost negligible amounts of urea excreted by fresh 
worms, the formation of urea increased until, at the end of 33 days of 
fasting, from 528 to 878 y of urea nitrogen per 10 gm. of worms per 2% 


TABLE II 
Nitrogenous Excretion by Earthworms during Fasting 
Three worms were used in each experiment; the washings were collected in gyp. 
cessive 3 day periods up to 33 days. The results are calculated as micrograms of 
nitrogen excreted per 10 gm. of worm per day, asin TableI. The data shown are the 
average results for the indicated number of experiments. The values in parentheses 
indicate the range of the results obtained. 
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j Nitrogen excreted as 









































On oe Urea at. oe we | i Non-protein My. : Total 
No. of | No. of | | No. of | No. of 
experi | experi- | experi- experi- 
ments | ments ments | ments 
| Sree |---| -— 
1 3 6| 5 | 6 96 | 4 | 161 5 
- 8) (32- 91)! (75-142)! | (131- 190) 
2 22 rie | |) wm.» |) ee. 
(10- 45) (45-113)| | (96-196)) | (144- 288) 
3 85 5 | 56 | 5 | 172 | 3 | 139 | 9 
(32-120) (2- 99) | (45-288) | (46- 232)! 
4 121 3 | 55 3 | 200 1 | 293 1 
(110-130) (50- 63) 
5 227 3 | 67 3 | 356 1 367 | 1 
(153-275) (55- 76) 
6 | 274 2 | 31 2 | | 
(228-319) (29- 33) 
7 243 9 | 26 9 302 | 7 
(174-396) (4- 98) (219- 390) 
8 372 10 | 70 10 | 548 2 | 552 | 8 
(213-565) (22-128) (532-565) | (351- 756) 
9 461 7. | 7 | 487 2 | 610 | 6 
(124-906) (21-119) (475-498) | | (190- 962) 
10 697 6 | 48 6 | 718 | 2 | 860 5 
(528-878) (25- 63) (634-802)! | (658-1130) 
ll 624 6 | 34 6 | | 658 4 
(500-738) (2- 60)) | | (583- 747) 








hours were being excreted. The rate of urea formation reached a maxi- 
mum after 24 to 30 days of fasting and then appeared to decrease. Sev- 
eral of the worms died after 33 days and the experiment was discon- 
tinued. 

The variations in the amounts of ammonia excreted were not due to 
bacterial action subsequent to collection of the dejecta. 
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relation between the amount of ammonia present and the quantity of 
débris excreted was noted, although this relationship was not an exact 
one. Heidermanns (7) had concluded that most of the ammonia origi- 
nated in the intestinal tract, though a nephridial origin of part of the 
ammonia was not excluded. The results obtained support this view. 

Considerable amounts of nitrogenous material precipitable by trichlo- 
roacetic acid were found in the washings. This might have been expected, 
since no separation of “urinary” from “fecal” excreta was made. Some 
mucoid-like material secreted by the surface of the worm was also in- 
cluded. Nevertheless, an increase in the nitrogenous excretion with 
fasting was noted in both the total and non-protein nitrogen fractions. 
These results were taken to indicate that tissue protein catabolism in- 
creased during fasting, the nitrogenous groups liberated being converted 
to urea and excreted. 

The mechanism of urea formation was studied by a series of experi- 
ments in which possible precursors of urea were administered orally and 
the effect upon the excretion of urea was determined. It seemed pref- 
erable to conduct the experiments during inanition, since it was known 
that the mechanism for urea synthesis was present and operative at this 
time. However, the changing basal level of urea excretion in fasting 
made success unlikely in view of the limited amounts of material which 
could be administered. Therefore, only fresh worms were used in which, 
due to the constant and almost negligible endogenous urea formation, 
slight increases in urea excretion might be detected. In all cases, the 
worms were collected within 24 hours prior to the experiments. 

Controls—The total amount of urea nitrogen excreted by three worms 
during the 3 day period following the administration of distilled water 
(Table III) varied between 0 and 40 y, with an average of 17 y. No 
essential difference was noted between the quantities of nitrogen ex- 
creted by fresh worms fed water and the amounts by normal fresh worms. 

Urea—The administration of urea (Table III) resulted in a marked 
increase in the excretion of urea. Three worms, fed a total of 3000 7 of 
urea nitrogen, excreted between 540 y and 800 vy of urea nitrogen (18 to 
27 per cent of the nitrogen administered) during the collection period 
(3 days). Additional amounts of from 540 y to 760 y of urea nitrogen 
were excreted during the 3 day period immediately following the experi- 
mental period. The quantities of undetermined nitrogen and ammonia 
nitrogen in both the animals fed urea and those fed water were approxi- 
mately equal, which indicated that the nitrogen of the urea administered 
was not excreted in any form other than as urea and possibly ammonia. 

Arginine—The excretion of urea increased as a result of the adminis- 
tration of arginine monohydrochloride. If one disregards the endoge- 
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Tastes III 


Nitrogenous Excretion of Earthworms Following Oral Administration of Nitrogen. 
Containing Compounds 


0.1 ml. portions of solutions containing the desired quantities of the indicated 
compounds were administered orally to each worm. The wet weight of the three 
worms in each experiment varied from 9.0 to 13.8 gm. The excreta were collected 
during the subsequent 3 day period; the washings from three worms were pooled, 
made up to 25 ml., and analyzed. The results are recorded as micrograms excreted 
by a single worm in a3 day period. The data shown are the average results for the 
indicated number of experiments. The values in parentheses under the average 
values indicate the range of the results obtained. 



































Compound administered Nitrogen excretion as 
Urea NHsz Non-protein N 
As N per ee 
worm No. of No. of | No. of 
experi- experi- experi- 
ments ments ments 
=~ - 
I as Det a. 0.00 6 | § | 52 8 103 Pe 
(0- 13) | (35- 93) (59-163)| 
MG as opine Sete ee ccs 3 1.00 | 230 | 3 | 96 3 | 364 3 
(180-267) (83-103) | (316-393) 
NE i oo io. ie 2.00 84 7 139 ¥ 560 6 
(28-132) (97-184) (440-691) 
EE eee 1.00 2 5 | 42 5 197 4 
(0- 6) (9- 88) (115-316) 
Re pee 0.50 5 8 | 66 8 
(3- 11) (11- 93) 
Histidine.............. 0.50 6 5 32 5 
(O- 10) (1- 65) 
ee 0.50 3 6 | 30 6 
(0- 7) (19- 48) | 
Glutamic acidf........ 0.25 4 6 | 66 6 
(Q- 12) (44— 93) 
Hydantoin............ 0.50 6 5 | 85 6 
(2- 12) (67-105) 
Ammonium chloride...| 0.20 5 7 | 57 7 | | 
(l- 9) (8- 98) | 
RPRMEEERIO «evn ceswass.. 1.00 4 4 | 28 4 221 a 
(0- 8) (13- 39) (125-303)| 
CN. S255 1.50 17 7 | 32 7 232 | 6 
(3- 36) (7- 45) (185-270)) 
“ 0.50 13 4 | 59 4 
(8- 17) (40- 83) 

















* Arginine and ornithine were administered as the monohydrochloride. 
t The glutamic acid was neutralized to pH 7 with NaOH before administration 
in this and subsequent experiments. 
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nous formation, from 1.4 to 6.6 per cent of the arginine nitrogen fed was 
recovered as urea nitrogen. However, if one considers the non-protein 
nitrogen values, it may be calculated that, of the extra nitrogen which 
was excreted, 5.0 to 27.2 per cent appeared as urea. If one assumes that 
only the amidine nitrogens of arginine contribute appreciably to the for- 
mation of urea, which seems probable from later experiments with orni- 
thine, the percentage recovery of urea from administered arginine would 
be even greater. 

An average increase in the excretion of ammonia may also be noted. 
It is not possible to say whether the increased ammonia was derived from 
the metabolism of arginine by the earthworm or from bacterial action in 
the intestine. The increases in the undetermined nitrogen present in 
the non-protein nitrogen values obtained may be accounted for, at least 
partially, by an excretion of unchanged arginine, since positive Sakaguchi 
tests were obtained on the deproteinized excreta. 

The increased excretion of urea following the ingestion of arginine was 
not due to bacterial action. The incubation of arginine with intestinal 
excreta for 3 days at 8-12° showed that, although some ammonia was 
produced, no significant amount of urea was formed. 

Ornithine and Citrulline—The administration of ornithine monohydro- 
chloride did not affect the basal level of urea excretion (Table ITI). 
The ingestion of citrulline gave rise to small but significant increases in 
the amount of urea excreted by fresh worms. 

Other Nitrogenous Compounds—The ingestion of alanine did not in- 
crease the level of urea excretion over that of the basal. The non-protein 
nitrogen values indicate that only a fraction (less than 20 per cent) of 
the ingested nitrogen was excreted in 3 days. Similarly, no effect on the 
excretion of urea could be detected after the ingestion of glycine, histi- 
dine, glutamine, glutamic acid, hydantoin, or ammonium chloride (Table 
Ill). 

It should be noted that many of these compounds were toxic when 
administered in too great amounts. A given level of nitrogen adminis- 
tration was arbitrarily considered to be toxic when over half of the worms 
fed did not survive. 

The degree of toxicity of the nitrogenous compounds fed showed con- 
siderable variation. Thus alanine and ornithine were toxic at levels of 
2 mg. of nitrogen, glycine and histidine at 1 mg. of nitrogen, and am- 
monium chloride, ammonium citrate, and glutamic acid at 0.5 mg. of 
nitrogen. 

Mixtures of Citrulline and Other Nitrogenous Compounds—Mixtures 
of citrulline with other amino acids were fed to see whether the ingestion 
of a source of nitrogen simultaneously with the citrulline would increase 
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the production of urea. The excretion of urea following the administra. 
tion of citrulline together with glycine was greater, in most instances, 
than the sum of the urea produced subsequent to the ingestion of citryl. 
line and glycine singly (Table IV). Glycine was not specific in this re. 
spect, since mixtures of citrulline and allanine, and of citrulline, alanine, 
and glutamic acid, when administered to earthworms, increased the exere. 


TABLE IV 
Nitrogenous Excretion of Earthworms Following Oral Administration of Mixtures 
of Nitrogen-Containing Compounds 
0.1 ml. portions of solutions containing the quantities of the mixture of compounds 
indicated were administered orally to each worm. The data are recorded as ip 
Table III. 


No. of Compound administered Nitrogen excretion as 
experiments = ee eee ie oe 
As N per worm Urea NH; 
| még. 7 Y bai 
7 | Citrulline 1.50 37 98 
| Glycine 0.50 (17-50) (58-144) 
3 Citrulline 0.75 33 68 
| Alanine 1.00 (25-48 ) (56— 81) 
2 | Citrulline 1.50 38 86 
| Alanine 0.50 (35-39) (46-125) 
| Glutamic acid 0.20 
6 Citrulline 0.50 | 13 72 
| Ammonium chloride | 0.20 | (4-19) | (38-111) 
5 | Citrulline 0.50 24 73 
Glutamic acid | 0.20 | (10-42) (58- 94) 
2 Ornithine* 1.00 3 34 
Glycine 0.50 (1- 4) (12- 56) 
5 | Ornithine 0.50 11 88 
| Glycine 0.50 (5-18) (74-123) 
4 | Ornithine 0.50 5 67 
| Glycine 0.50 (3- 6) (24-109) 
Glutamic acid 0.20 


: Ornithine was administered as the monohydrochloride. 


tion of urea to approximately the same extent as did citrulline and 
glycine. 

Mixtures of citrulline and ammonium chloride and of citrulline and 
glutamic acid were administered at a lower level of nitrogen than in pre 
vious experiments, due to the relative toxicity of the ammonium ions 
and the glutamic acid. The ingestion of citrulline and ammonia had 
but slight effect on the excretion of urea; approximately the same amount 
of urea was excreted as when citrulline alone was ingested. However, 
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the administration of citrulline plus glutamic acid, equivalent in nitrogen 
content to the mixture of citrulline and ammonium chloride fed, resulted 
inaslight increase in urea excretion (Table IV). 

Apparently, citrulline and glutamic acid, when administered orally, 
are more efficiently utilized for the synthesis of urea than an equivalent 
amount (in terms of nitrogen) of citrulline and ammonium chloride. 

No definite conclusion can be drawn from the data concerning the 
relative efficiencies of glycine, alanine, and glutamic acid in increasing 
the excretion of urea when fed together with citrulline, due partly to the 
variations in individual experiments, and partly to variations in amounts 
of nitrogen administered. 

Miztures of Ornithine and Other Nitrogenous Compounds—It was noted 
previously that the administration of ornithine did not increase the ex- 
cretion of urea. The simultaneous ingestion of either ornithine and 
glycine or ornithine, glycine, and glutamic acid similarly had no effect 
on the quantities of urea eliminated (Table IV). 


DISCUSSION 


The nitrogenous material excreted by earthworms during the 3 day 
period immediately following the removal of the animals from their natural 
environment was in the form of ammonia mainly; traces of uric acid, 
urea, and possibly allantoin were also detected. In addition, Delaunay 
(6) has reported that some amino and purine nitrogen were also present 
in the excreta. The pattern of nitrogenous excretion underwent a 
marked change on prolonged inanition, characterized by a progressive 
increase in the quantity of urea synthesized. Whereas initially earth- 
worms excreted urea nitrogen in the order of 0.05 mg. per 100 gm. per 24 
hours, worms fasted for 24 to 33 days excreted up to 9.06 mg. of urea 
nitrogen per 100 gm. in 24 hours. Similarly, the urea nitrogen content 
of fresh worms amounted to approximately 1 mg. per 100 gm. of body 
weight, while after 14 days of inanition, the urea nitrogen content had 
increased to 57 mg. per 100 gm.‘ The increases in urea synthesis were 
most marked during the later stages of inanition, reaching a maximum 
between the 24th and 30th days. The urea excretion then decreased 
somewhat just prior to death. A 5- to 10-fold increase in the amount of 
total nitrogen excreted was noted as compared with the quantity of ni- 
trogen eliminated by well nourished worms. 

These phenomena were interpreted to mean that the metabolism of 
protein increased during fasting and that the nitrogen of the catabolized 
protein was converted to urea and excreted. So far as is known to us, 


‘ Unpublished data. 
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the fasted worm excretes more of its nitrogen in the form of urea thay 
any other invertebrate studied. 

Similar changes in the distribution of excreted nitrogen of the lung. 
fish, Protopterus aethiopicus, are reported to occur under the stress of 
changing environmental conditions. The nitrogen of the fasting lung. 
fish is excreted about equally as urea and ammonia. During estivation, 
ammonia formation is apparently suspended and urea accumulates to 
the extent of 1 to 2 per cent of the body weight in 1 year (16). 

Prolonged inanition in the dog results in an initial fall in the nitroge. 
nous excretion to a fairly constant, low level, followed just prior to death 
by an increase in the amount of nitrogen excreted (17). The excretion 
of urea by the snail, Helix pomatia, decreased during fasting (18). 

The urea excreted by the fasted earthworm is undoubtedly formed by 
a synthetic mechanism and not merely by the action of arginase on the 
arginine derived from tissue protein, since over 80 per cent of the nitrogen 
excreted by fasted worms is in the form of urea. 

Arginine and, to a smaller extent, citrulline, when administered orally 
to fresh worms, resulted in an increased excretion of urea. The produc. 
tion of urea was not affected by the ingestion of histidine, glutamine, 
glutamic acid, glycine, alanine, hydantoin, or ammonium chloride. The 
simultaneous administration of citrulline with certain other amino acids 
(glycine, alanine, or glutamic acid) led to an increase in the quantity of 
urea excreted which was greater than the sum of the amounts of urea 
excreted when citrulline and the amino acids were administered singly. 
These results may be explained by assuming that citrulline was converted 
into arginine, and that the efficiency of this conversion was increased by 
the simultaneous ingestion of a readily available source of nitrogen. 
However, no evidence was obtained to indicate that ornithine might be 
converted into arginine also. The oral administration of ornithine, or of 
mixtures of ornithine and glycine or ornithine, glycine, and glutamic acid, 
produced no appreciable increase in the excretion of urea. It should be 
noted that, because of the changing levels of elimination of urea during 
fasting, it was necessary in these experiments to use well nourished worms 
in which the amount of endogenous urea excreted is very slight and rela- 
tively constant. Thus, evidence has been adduced to indicate that the 
earthworm is able to convert the nitrogen present in arginine’ and prob- 
ably that present in citrulline into urea. No effect of ornithine on the 
excretion of urea could be detected. 


5 Studies of the distribution of arginase in the earthworm and of its properties will 
be presented in a paper to be submitted presently. 
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SUMMARY 


1. A procedure for the quantitative oral administration of 0.1 ml. 
portions of a solution to earthworms has been devised. 

9, The non-protein nitrogen excreted by the earthworm (Lumbricus 
vrrestris) Was mainly in the form of ammonia; traces of urea, uric acid, 


| gnd possibly allantoin were also present. During inanition, the quantity 
_ of urea excreted by the animal increased markedly. 


3. The oral administration of arginine and, to a smaller extent, of 


| citrulline resulted in an increased excretion of urea. The ingestion of 


mmithine, glutamic acid, glutamine, glycine, alanine, histidine, hydantoin, 


| or ammonium chloride did not affect the elimination of urea. 


4, The amount of urea excreted following the ingestion of citrulline was 
increased somewhat by the simultaneous administration of citrulline with 
ther amino acids such as glycine, alanine, or glutamic acid. The ad- 


| ministration of mixtures of ornithine with the other amino acids had no 
| effect on the excretion of urea. 
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EFFECT OF OXYTHIAMINE ON BLOOD PYRUVATE-LACTATE 
RELATIONSHIPS AND THE EXCRETION OF 
THIAMINE IN RATS* 


By CHARLES E. FROHMANT anp HARRY G, DAY 


(From the Department of Chemistry, Indiana University, Bloomington) 


(Received for publication, March 28, 1949) 


Oxythiamine, 4-methy]-5-(3-hydroxyethy])-N[(2-methyl-4-hydroxypyri- 
midyl-(5))methyl]thiazolium chloride, has been reported in preliminary 
communications to have a toxic effect on mice and to inhibit the action of 
carp thiaminase (1, 2). These reports imply that the effect is due to an 
antagonistic action on thiamine, but neither definite statements nor data 
to that effect have been published. A few other analogues and homologues 
of thiamine have been definitely shown to be antagonists of that vitamin 
(3), but the investigations have not been concerned with the effects of the 
antagonists on the blood pyruvate-lactate relationships, or the establish- 
ment of direct evidence for the displacement of thiamine from the body. 
Owing to the lack of information on these questions it seemed desirable to 
extend the study of thiamine antagonism, with oxythiamine as the ana- 
logue of choice. 


EXPERIMENTAL 


Preparation of Oxythiamine—The method of Soodak and Cerecedo (1) 
was used, except that the nitrous acid was passed through the thiamine 
hydrochloride solution without the aid of slight suction. This change was 
made because slight suction could not be maintained satisfactorily without 
occasionally drawing air into the reaction flask. Air causes the formation 
of oxides of nitrogen which reduce the yield of oxythiamine. 

Diets—A stock diet and a thiamine-free diet were used. The former was 
Purina laboratory chow. The latter was composed of vitamin-test casein 
18, glucose (cerelose) 67, salts 4(4), hydrogenated cottonseed oil (Crisco) 
8, cod liver oil 2, and a vitamin mixture 1. The latter was composed of 
pyridoxine hydrochloride 0.05, riboflavin 0.05, nicotini: acid 0.25, calcium 
pantothenate 0.25, inositol 0.50, p-aminobenzoic acid 0.50, choline chloride 
6.0, and glucose 42.6. 


* Aided by a grant from the Research Funds of the Graduate School. Taken from 
a thesis submitted by Charles E. Frohman to the Faculty of the Graduate School in 
partial fulfilment of the requirements for the degree of Master of Arts, June, 1948. 

t Present address, Department of Physiological Chemistry, Wayne University, 
Detroit, Michigan. 
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Effect of Oxythiamine on Concentration of Pyruvic Acid and Lactic Acid in 
Blood—The data were collected from normal young adult rats on the stock 
colony ration. The animals were divided equally in respect to sex and 
weight. For the blood analyses the rats were killed by decapitation and 
the blood was collected directly into oxalate-iodoacetate in accordance with 
the Bueding and Wortis (5) procedure. The Bueding and Wortis (5) 
method was used for the determination of pyruvic acid. Lactic acid was 
determined by the method of Barker and Summerson (6). Oxythiamine. 
treated rats were injected intraperitoneally with 150 y of the compound 
in 1 ml. of physiological saline. Thiamine was administered in the same 
way. In the case of animals given both compounds the oxythiamine and 


TaBLeE I 


Pyruvic Acid and Lactic Acid in Blood of Stock Rats Following Intraperitoneal 
Administration of Different Amounts of Oxythiamine and Thiamine 




















adimipiste has Series No. = | Thiamine po a fs hactic ots 
Found |Calculated| Excesst | 

hrs. ¥ per rai y per rat “~. i ~~ og ims: per cent 

Bk oe I 0 0 1.4 1.4 0.0} 13.1 

8 I 150 0 1.5 1.6 —0.1) 15.1 

4 12 II 0 0 1.3 1.2 0.1; 11.5 

|; 6 | Iv 0 75 11 | 1.0 0.1} 9.5 

| 12 II 150 | 0 §.1 2.7 2.4/| 42.8 

6 III 150 75 | 2.9 2.3 0.6) 25.9 

ize. III 150 | 18 | 1.1 1.1 0.0; 9.8 

| 6 IV 150 | 300 | 0.8 0.8 0.0; 7.6 

















*Stotz and Bessey (7) formula: PAgatc. = LAfouna/9.44, when LA < 20 mg. per 
cent; PAcaic. = 1.60 + 0.0264LA, when LA > 20 mg. per cent. 
Tt PAcxecss = PAfouna —_ PAsate.. 


thiamine for one dose were dissolved together in 1 ml. of thesaline. Follow- 
ing injection with the oxythiamine or thiamine the animals were fasted 
until they were sacrificed at the end of 1 hour or 4 hours. | 

The results are summarized in Table I. Control animals given no 
oxythiamine or extra thiamine had pyruvic acid and lactic acid levels in 
the normal range reported by Stotz and Bessey (7) and others using good 
analytical methods. Blood taken 1 hour after the injection of 150 ¥ of 
oxythiamine per rat showed no significant rise in either the pyruvic or 
lactic acid. In contrast, at the end of 4 hours, following oxythiamine ad- 
ministration, marked elevations were found in the blood levels of both 
metabolites. That this was due to a functional deficiency in thiamine is 
indicated by the occurrence of pyruvic acid in excess of the amount ex- 
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pected otherwise on the basis of Stotz and Bessey’s (7) data. As shown by 
these investigators, the blood pyruvic acid level is proportional to the lactic 
acid in various conditions not associated with thiamine deficiency, e.g. 
anoxia, excitement, exercise, etc.; but in thiamine deficiency the pyruvic 
acid to lactic acid ratio is increased. 

That the effect of the oxythiamine is due to the production of a func- 
tional deficiency in thiamine is indicated further by the results following 
the administration of thiamine with the oxythiamine. When 75 y of 
thiamine were injected with 150 y of oxythiamine, there was some eleva- 
tion of both the pyruvic acid and the lactic acid. However, the pyruvic 
acid excess was only one-fourth as great as in the case of rats given the 
oxythiamine alone. Amounts of thiamine equal to or double the quantity 
of oxythiamine given resulted in pyruvic acid and lactic acid levels even 
less than those in controls receiving no oxythiamine. The pyruvic acid 
to lactic acid ratios were exactly as predicted by the Stotz and Bessey (7) 
equations, indicating that the thiamine had completely reversed the anti- 
thiamine effect of the oxythiamine. 

Effect of Oxythiamine on Excretion of Thiamine in Urine—Six litter 
mate rats, each weighing approximately 100 gm., were divided into two 
equal groups, placed in individual metabolism cages, and restricted to the 
thiamine-free diet. Two times a day each rat was given orally 12 y of 
thiamine hydrochloride in a small volume of water, making a total of 24 
yper day. The urine of each animal was collected daily for 58 days and 
analyzed for free thiamine by the thiochrome method of Perlzweig et al. 
(8). After 3 days each of the three rats in Group A was given an intra- 
peritoneal injection of 50 y of oxythiamine in 1 ml. of physiological saline. 
This was followed on the 31st day with a similar injection of oxythiamine. 
Group B rats were given similar injections of oxythiamine on the 19th 
and 49th days respectively. Each time the animals in one group were 
given a dose of oxythiamine the animals in the other group were given in- 
jections of saline alone. 

The analytical results are given in Fig. 1. The data show that animals 
on the constant thiamine intake excrete rather constant amounts of the 
vitamin in the urine, approximately 12 y per rat per day. However, the 
output of the free thiamine was promptly raised 100 to 175 per cent within 
1 to 2 days following the administration of oxythiamine. The high ex- 
cretion rate subsided to the previous base level, or dropped slightly below 
it temporarily, after approximately 1 week. Thereafter the level of urinary 
thiamine excretion remained almost constant until oxythiamine was re- 
administered. This was followed by another prompt rise in the thiamine 
excretion, but the amount excreted this time was less than at the first treat- 
ment with oxythiamine. 
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In all cases the amount of extra thiamine excreted following the injec- 
tion of oxythiamine was as great or greater than the amount of oxythiamine 
administered. Because preliminary experiments showed that oxythiamine 
does not interfere in the thiochrome method for determining thiamine. jt 
must be concluded that the high values for thiamine are real, and that an 
effect of the oxythiamine is the displacement of thiamine from the tissues, 
The elevated values for thiamine could not have been due to a metabolic 
transformation of the oxythiamine to thiamine, because the animals ex. 
hibited symptoms of acute thiamine deficiency while the large amounts of 
thiamine were being excreted. 

Determinations of thiamine in the tissues were not made, although such 
data would be useful in interpreting the action of the oxythiamine. Ip 
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DAYS 
Fic. 1. Effect of oxythiamine (50 y doses) on the excretion of thiamine in the urine 
of rats. Each curve (A, B) represents the averaged data from three rats. The 
arrows indicate the time oxythiamine or saline alone was injected. 
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this regard it is of value to consider the extent of the thiamine displacement 
from the tissues. An analysis of the data in Fig. 1 shows that at least 50 
y of thiamine must have been displaced by each 50 y dose of oxythiamine. 
Because there probably were not more than 400 y of thiamine in the tis- 
sues (9), it may be estimated that one-eighth or more of the total was dis- 
placed. This does not include the displaced thiamine which was probably 
destroyed. 

Gross Effects of Oxythiamine—Another indication of the marked thiamine- 
displacing action of oxythiamine comes from a study of the gross behavior 
of the animals. The oxythiamine-treated rats were on the thiamine-free 
diet but each received 24 y of the vitamin daily by mouth, an amount which 
permits considerable thiamine excretion in the urine (Fig. 1) and which 
is regarded as adequate for rats (10). 

The rats became obviously nervous 6 hours after the intraperitoneal in- 
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jection of 50 y of oxythiamine. By the end of 12 hours the rats were ex- 
tremely nervous. Even without any apparent external stimulus they 
would occasionally jump violently as though they had been shocked with 
an electric current. Incoordination was manifested. There was evidence 
of a high degree of generalized cutaneous sensitivity because the rats fre- 
quently scratched themselves furiously. No particular part of the body 
seemed to be favored in this behavior. The apparent itching sensation 
and irritability gradually subsided in the course of 4 to 6 days. This coin- 
cided with the return to normal in the rate of thiamine excretion. We 
have never observed such extreme irritability or evidence of an itching 
sensation in rats made thiamine-deficient by restriction to a thiamine-free 
diet. 


DISCUSSION 


The data presented here offer direct evidence for the displacement of 
thiamine from the body by a structural analogue of this vitamin. Hitherto 
the evidence, in animals, for competition between thiamine and a struc- 
tural analogue has rested on the effect of thiamine in reversing the symp- 
toms of thiamine deficiency caused by the administration of the analogue. 
Thus the data support the hypothesis (3) that antimetabolites may act by 
displacing related metabolites from the specific positions on enzymes and 
related proteins with which they are reversibly combined. 

Another point of interest is the high potency of oxythiamine as an anti- 
thiamine compound. As little as 50 y of the analogue was sufficient to 
produce symptoms of acute thiamine deficiency and the excretion of con- 
siderable amounts of thiamine, even though the animals were receiving 
approximately 24 y of thiamine per day. Woolley and White (11) re- 
ported that at least 20 y of pyrithiamine per day were necessary to produce 
symptoms of thiamine deficiency in mice receiving 2 y of thiamine per day. 
Emerson and Southwick (12) found that approximately 40 moles of the 
2-n-butylpyrimidine homologue of thiamine produced only slight indica- 
tions of thiamine deficiency in rats when 1 mole of thiamine was given. 
Although the dosage levels and the experimental conditions are quite di- 
vergent in these different investigations, it is indicated that oxythiamine 
is @ more active antithiamine than either pyrithiamine or the 2-n-butyl- 
pyrimidine homologue of thiamine. 


SUMMARY 


Oxythiamine causes a marked increase in the concentration of blood 
pyruvic acid and lactic acid of rats. The pyruvic acid to lactic acid ratio 
is increased as in thiamine deficiency produced with diets low in thiamine. 
The changes are reversed by thiamine. 
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The excretion of thiamine in the urine is greatly augmented by oxythi. 


amine. This is interpreted as evidence that the antimetabolite displaces 
thiamine from the body. 


The symptoms of rats suffering from the functional thiamine deficiency 


include extreme irritability and a tendency for the animals to scratch them. 
selves vigorously. 
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Oxythiamine is a potent antagonist of thiamine. 
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THE OXIDATION AND DISTRIBUTION OF THE METHYL 
GROUP ADMINISTERED AS METHIONINE* 


By COSMO G. MACKENZIE, JOSEPH P. CHANDLER, ELIZABETH B. 
KELLER, JULIAN R. RACHELE, NANCY CROSS, anp VINCENT 
pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, New 
York City) 


(Received for publication, March 29, 1949) 


It is well known that the methyl radical attached to sulfur or nitrogen in 
a number of important biological compounds cannot be synthesized by 
the animal body but must be supplied in the diet. Either methionine, 
choline, or betaine may serve as the dietary source of the essential methyl 
group (1). Not only are the methyl groups of these compounds inter- 
changeable in the body, but, directly or indirectly, they provide the methyl 
groups for the synthesis of still other compounds such as anserine (2), 
creatine, and creatinine (3). Appreciable quantities of the latter com- 
pound are normally excreted in the urine. Thus methy! groups can be lost 
from the body without undergoing degradation. 

Since this essential radical moves in toto (3, 4) from compound to com- 
pound within the body, and since it can leave the body in an intact form, 
we wished to ascertain whether the body can oxidize the methyl group to 
carbon dioxide and water, or whether it is quantitatively excreted in the 
urine and feces as creatinine and hitherto unidentified methyl compounds. 
Furthermore, because of the migratory properties of the labile methyl 
group, it was also of interest to extend our knowledge concerning the 
rapidity with which the methyl group of administered methionine enters 
into transmethylation reactions and the speed at which it penetrates into 
the various tissues and organs of the body. 


Oxidation of Methyl Group to Carbon Dioxide 


The possibility of obtaining an unequivocal answer to the question con- 
cerning the oxidation of the methyl group was provided when Melville, 
Rachele, and Keller (5), in our laboratory, succeeded in synthesizing 
L-methionine containing a high concentration of C™ in the methyl] group. 

In our initial experiment 200 mg. of the radioactive methionine were 


*The authors wish to express their appreciation to the Lederle Laboratories 


Division, American Cyanamid Company, for a research grant which has aided greatly 
in this work. 
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given by stomach tube to a 165 gm. rat that had previously been fed 4 
purified diet containing 1.2 per cent methionine, 0.2 per cent choline 
chloride, and no cystine. The labeled methionine was given at 9.00 am. 
and the animal was placed immediately in a metabolism apparatus designed 
for the continuous and quantitative collection of carbon dioxide. Food 
was withheld during the remainder of the experiment. 

The presence of radioactivity in the carbon dioxide expired during the 
lst hour of the experiment demonstrated that the rat was able to oxidize 
the methyl group administered as methionine. At this time 0.8 per cent 
of the ingested methyl carbon had appeared in the expired air. The 
amount of methyl] oxidized per hour then rose to a peak value of 2.3 per 
cent at the 6th and 7th hours. Thereafter the rate of oxidation declined 
to an average value of 0.29 per cent at the 16th to 24th hours. From this 


TABLE I 
Oxidation and Excretion of Methyl Carbon of Methionine Expressed As Per Cent of 
Administered Methionine 





Pathway | 0-24 hrs. 24-52 hrs. Total for 52 hrs 
POR i iain. a 26.4 6.0 32.4 
SS ee ne, See eee te | 16.2 2.1 18.3* 
EE ere 0.03 0.4 0.43 
POSH... ...05 42.63 8.5 51.13 


* This figure was erroneously given as 14.6 per cent in a preliminary report on the 
oxidation of the methy! group of methionine (6). 


time until the termination of the experiment at 52 hours, the rate of oxida- 
tion was approximately constant at 0.23 per cent per hour. 

At the end of 52 hours 32.4 per cent of the methyl groups administered 
as methionine had been completely oxidized to carbon dioxide and water, 
as indicated by the radioactive carbon dioxide present in the expired air. 
(This figure does not take into account the carbon dioxide that was formed 
from methyl groups and subsequently entered into synthetic reactions in 
the body.) An additional 18.7 per cent of the administered methy! groups 
was eliminated in the urine and feces either as methyl compounds or as 
oxidation products of methyl groups. The amount of methyl carbon 
accounted for in the expired carbon dioxide, urine, and feces on each day 
of the experiment is shown in Table I. A total of 51 per cent of the 
administered methyl carbon had left the body by these three routes during 
the course of the experiment. We next attempted to account for the 
remaining 49 per cent of the administered methyl] carbon. 
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Anatomical and Chemical Distribution of Methyl Carbon 


The intense oxidation of the methyl group during the experiment was 
accompanied by the ubiquitous appearance of C"* in the organs, tissues, 
and major chemical fractions of the body and by its entry in high concen- 
trations into the newly synthesized creatine and choline. Analysis of 
fifteen tissues and organs at the end of the experiment revealed the presence 
of C4 in each of them. Although the oxidation to carbon dioxide of the 
methyl group (administered as methionine) had been constant for 28 hours, 
the concentration of the methyl carbon in these tissues and organs was 
far from uniform. 

The highest concentrations of the methyl carbon were found in the 
kidneys, liver, and adrenals. Skeletal muscle and integument, although 
containing approximately 40 per cent of the total C™ present in the body, 
had relatively low concentrations, and brain, despite its high choline con- 
tent, possessed the lowest concentration of any tissue, with the exception 
of the depot fat. 

Since, as will be shown below, a considerable proportion of C™ in the body 
was present in methyl compounds, the values obtained for C™ concen- 
tration must reflect to some extent the concentrations of the administered 
methyl group in the various tissues and organs. 

Following the removal of the small samples (approximately 70 mg. each) 
of organs and tissues for C' determination, the remainder of the animal, 
less the blood and kidneys, was frozen in dry ice, finely ground, and sub- 
jected to solvent fractionation. Each of the resulting chemical fractions, 
water-soluble, fat-soluble, trichloroacetic acid-soluble, acetone-soluble, and 
crude protein, contained appreciable quantities of C'*. By far the highest 
concentration of methyl carbon was found in the water-soluble fraction. 
78 per cent of the radioactivity present in this fraction was attributable to 
choline and creatine. 82 per cent of the radioactivity of the ether-soluble 
fraction was attributable to choline. 

Following the isolation of choline from the ether-soluble material, the 
remainder of this fraction was further subdivided. The free fatty acids 
were only slightly radioactive. The cholesterol fraction, of particular 
interest because of the carbon-bound angular methyl groups, possessed a 
higher degree of radioactivity. However, analysis of the data showed 
that but 1 carbon atom in every 800 molecules of cholesterol was derived 
from the methyl carbon of the administered methionine. A similar degree 
of radioactivity was observed in the “wax” and “oil” fractions comprising 
the balance of the unsaponifiable material. Neither of these fractions nor 
the cholesterol fraction contributed significantly to the total radioactivity 
of the ether-soluble material. 
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Over-All Recovery of Methyl Carbon 


The per cent of the administered methyl carbon recovered in this experi- 
ment may be calculated both from the results of the tissue and organ 
analyses, and the results of the chemical analyses. Estimation, on the 
basis of tissue and organ analyses, of the portion of the originally intro. 
duced methyl carbon retained in the rat’s body gave a value of 101 mg, 
in terms of methionine, or 50.5 per cent of the original dose. This value 
taken in conjunction with the per cent of methyl carbon lost from the 
body in the urine, feces, and expired air (Table I) gives a total recovery 
of 101.6 per cent. 

Estimation of the methyl carbon still present in the body, on the basis 
of chemical analyses (plus the C™“ contained in the kidneys and blood), 
gave a value of 85.6 mg., in terms of methionine, or 42.8 per cent of the 
original dose. This is a minimum figure, since some loss of radioactive 
carbon present as carbonate and bicarbonate must have occurred during 
the trichloroacetic acid extraction. Nevertheless, the total recovery of 
methyl carbon calculated with this value is 94 per cent. 


Participation of Administered Methyl Group in Transmethylation Reactions 


37 per cent of the administered methyl carbon still present in the body 
at 52 hours had participated in transmethylation reactions and was present 
in the methyl groups of creatine and choline. The high degree of trans- 
methylation activity of the methyl group of the administered methionine 
reflected by this value is appreciated when one considers that at the same 
time the crude protein fraction contained only 40 per cent of the admin- 
istered methyl] carbon still present in the body.! Equally illuminating in 
an appraisal of the transmethylation reactions involving the administered 
methionine molecules is an examination of the specific radioactivity of the 
creatine, choline, and protein-bound methionine present in the rat after 
52 hours of fasting. 

In the total body creatine, 1.74 per cent of the methyl groups was derived 
from the administered methionine. Since approximately 4 per cent of the 
body creatine is synthesized in 2 days (7), and since all of the radioactive 
creatine must have been contained in this fraction, 44 per cent of the 
newly synthesized creatine was formed from the administered methionine, 
although the latter, immediately after its absorption, comprised at the most 
only 22 per cent of the total body methionine? The proportionately 


‘In view of the amount of methyl carbon oxidized to carbon dioxide, it is probable 
that part of the C™ present in the protein fraction was derived from carbon dioxide 
fixation and was no longer present in the methyl! groups of methionine. 

*The total body methionine is the sum of the administered methionine and the 
methionine already present in the rat at the beginning of the experiment. The latter 
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greater contribution of administered methionine to creatine synthesis, as 
compared with the methionine present in the body protein at the begin- 
ning of the experiment, is thus apparent. 

Choline was isolated separately from both the water- and ether-soluble 
fractions. The water-soluble choline was decidedly the more radioactive 
of the two preparations, in conformity with previous results on rabbits 
obtained with deuterium-labeled methionine (2). In the present experi- 
ment 16.7 per cent of the water-soluble (free) choline molecules and 10.9 
per cent of the ether-soluble (phospholipide) choline molecules had derived 
a methyl group from the administered methionine. 

It is interesting to compare the concentrations of administered methyl 
groups in the two choline fractions with the concentration of labeled 
methyl! groups in protein-bound methionine. According to the compilation 
of Block and Bolling (8), rat protein contains 3 per cent methionine. If 
it is assumed that all of the radioactivity in the crude protein fraction is 
resident in the methyl group of methionine (an exaggerated estimate, as 
has been previously mentioned), then 5.7 per cent of the protein-bound 
methionine molecules contained a methyl group supplied by the admin- 
istered methionine. This is a lower figure than obtains for either of the 
choline fractions. Accordingly, transmethylation to form choline was a 
more active process than incorporation of the administered methyl] into 
the total body protein, either by direct introduction of the whole methionine 
molecule, or by transmethylation between the administered methionine 
and protein-bound methionine (or homocysteine). 

The over-all picture of the metabolism of the methyl group of the 200 
mg. of methionine administered in this experiment is one of active partici- 
pation in both degradative (oxidative) and synthetic (transmethylation) 
reactions. The rapid rise and fall in the rate of oxidation of the administered 
methyl group must have reflected a similar rise and fall in the concentration 
of the radiomethy] in the tissues and cells which oxidize it most rapidly. 
Although the process of oxidation in itself would lower the concentration, 
it appears from the wide-spread chemical and morphological distribution 
of the radiomethyl group observed at the end of the experiment that this 
was not the only factor involved, but that the chemical and anatomical 
translocations of the methyl group also contributed to the establishment 
at 16 to 24 hours of the steady rate of oxidation. Conversely, the estab- 
lishment of a steady rate of oxidation suggests that the administered 





was calculated on the assumption that protein made up 14 per cent of the body weight 
and that 3 per cent of the protein was methionine (8). 

‘Preliminary experiments in vitro have shown that the methyl group of labeled 
methionine is oxidized by liver and kidneys but not by heart or testes. 
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methyl group, and its oxidation products, had reached at that time an 
equilibrium with their counterparts already present in the body, and that 
the assimilation of the radiomethy] group had thus been completed. 

The demonstration of the oxidation of the labile methyl] group adminis. 
tered as methionine raises a number of important questions, such as the 
relation between the rate of oxidation and the amount of dietary methionine 
ingested, the influence of dietary choline and cystine on the oxidation of 
the methyl group of methionine, and the relative rate of oxidation of the 
methyl group administered as choline, betaine, sarcosine, creatine, ete. 
Moreover, the identification of the intermediary products in the oxidation 
of the methyl groups to carbon dioxide and the determination of their 
r6les in metabolic processes, as well as the location of the enzyme systems 
effecting these oxidations, become matters of considerable interest. These 
and related problems are now under investigation. 


EXPERIMENTAL 


Collection of Expired Carbon Dioxide—The metabolism apparatus used 
for the collection of CO: and illustrated in Fig. 1 was sturdy, simple, and 
readily assembled. Rubber tubing was used to connect the members of 
the assembly. All connections and joints, with the exception of the desic- 
cator stopper and lid, were sealed with glycerol. The former was sealed 
with beeswax and the latter with Lubriseal. 

The flow through the metabolism chamber was 1.1 liters per minute. 
The pressure within the chamber was approximately 8 mm. of Hg below 
atmospheric pressure. Except in hot summer weather, the internal temper- 
ature of the metabolism chamber, with a rat present, was generally 28° 
with occasional 1° fluctuations. In hot weather the chamber was held at 
28° by draping it with wet towels. A fan placed at variable distances 
from the desiccator was directed toward it to increase evaporation. 

Outward leaks from the apparatus were prevented by the slight negative 
pressure in the metabolism chamber and the higher negative pressure in 
the NaOH absorbers. The apparatus was checked for inward leaks by 
running it for several hours without a rat and with water replacing the 
alkali in the NaOH scrubbers. If leaks are present, the terminal Ba(OH); 
solution will become cloudy. 

During an experiment complete recovery of expired CO, was indicated 
by the absence of cloudiness in the terminal Ba(OH), solution. This 
was the case after 12 hours of continuous operation without replacing the 
NaOH solution. 

In metabolism experiments a second pair of scrubbers containing 2.5 
nN NaOH was connected to the 3-way stop-cocks shown in Fig. 1. By 
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switching from one pair of absorbers to the other, collections were made at 
any desired interval without the loss of expired COs. 

The 400 ml. of 2.56 n NaOH contained in each tower were prepared from 
concentrated NaOH and air-free water. Following a collection, the con- 
tents of each of the two towers were poured into a 1 liter volumetric flask, 
each tower was rinsed with two 45 ml. portions of air-free water, and the 
combined solutions were then made up to volume. 

Determination of Radioactivity—Aliquots of the solutions containing 
NasCO; were chosen to yield approximately 50 mg. of BaCO; (30 to 60 


fa 








MK KK KY 











Fig. 1. Metabolism apparatus for collecting expired carbon dioxide. A, air 
inlet tube; B, jar of moist NaOH shells (Uehling Instrument Company, Paterson, 
New Jersey); C, 0.4 m Ba(OH): solution;.D, concentrated H.SO, or salt solution for 
humidity regulation; L, trap; F, metabolism jar equipped with coarse screen support 
for rat, and fine screen for collection of feces (the bottom is covered with dilute 
H,SO, to preserve the urine); G, thermometer; H, manometer; J, flowmeter; /, 
3-way stop-cock; AK, 500 ml., coarse porosity fritted disk or cylinder, gas washing 
bottle containing 400 ml. of 2.6 N NaOH; L, Bunsen burner needle valve to regulate 
air flow through apparatus; M, tube to pump. 


mg.). Such an aliquot was transferred to a 50 ml. Erlenmeyer flask, 
brought to approximately 25 ml. with air-free water, stoppered with a 
CO, absorbing tube, and heated to boiling on a hot plate. 2 ml. of 1 m 
BaCl, were then introduced rapidly and the flask was immersed in a boiling 
water bath. This temperature insured the formation of a coarse crystalline 
precipitate of BaCO;. 

The flask was cooled, and the precipitate, following the addition of 5 
drops of a 1 per cent solution of Triton NE,‘ was collected on a filter paper 


‘A non-ionic wetting agent obtainable from Rohm and Haas Company, Phila- 
delphia, Pennsylvania. 
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disk of 2.32 sq. cm. area by the filtration method described by Henriques 
et al. (9) for benzidine sulfate. During the filtration the Erlenmeyer 
flask was washed three times with 10 ml. portions of water. The collected 
precipitate was kept covered with water until the last of the washings had 
been poured into the cylinder. After the last portion of wash water had 
been sucked through, 4 ml. of absolute alcohol were poured immediately 
over the precipitate, the cylinder was removed, and the precipitate and 
filter paper were wetted down with several drops of alcohol. The BaCO, 
disk was allowed to dry for 5 minutes at the pump under an infra-red 
lamp. 

The CO, evolved from the combustion of tissues, chemical fractions, and 
compounds obtained from the rat was converted to BaCO; and made into 
disks by the method described above. The tissues and chemical prepara- 
tions were oxidized in a combustion tube, through which there flowed a 
continuous stream of CO:-free O2, and the evolved CO, was collected in 
carbonate-free 2.6 n NaOH. This combustion method has been de- 
scribed by Keller, Rachele, and du Vigneaud (4). 

The radioactivity of the BaCO; samples was measured with the use of a 
bell-shaped Geiger-Miiller counter with a mica window of less than 2 
mg. per sq. cm. and an Autoscaler scaling circuit. Samples derived from 
the expired CO:2, chemical] preparations, and tissues were counted alter- 
nately with a standard made from the combustion of a weighed amount 
of the radioactive methionine used in the experiment. By comparing the 
counts given by an unknown sample with the counts given by the methio- 
nine standard (after correcting each for background and self-absorption), 
the amount of the administered methionine represented by the unknown was 
calculated by a simple proportion. The per cent of administered methio- 
nine, methyl group, or C'* (in this instance all three are identical) that had 
been converted to or was contained in the unknown was then calculated. 

Organ and Tissue Analysis—At 52 hours the rat was anesthetized with 
sodium amytal, exsanguinated, skinned, and dissected. The intestinal 
tract was washed out with water. After weighing the organs, samples 
ranging in weight from 25 to 150 mg. were removed for combustion. The 
weights of the more diffuse tissues were calculated from the figures given 
by Donaldson (10). The weights of tissues and organs together with 
their C™“ content (in terms of the 200 mg. dose of radioactive methionine) 
are given in Table II. The sum of these weights, 143 gm., compares 
favorably with the weight of the animal at the time of sacrifice, 141 gm. 
The concentration of C'‘, in terms of administered methionine, in the fresh 
tissues and organs is illustrated in Fig. 2. 


‘When necessary, non-radioactive Na:CO; was added to the NaOH solution 
to provide the desired amount of carbonate for precipitation with BaCl.. 


Che 
ation 
is illu 
solver 
found 

In 
fracti 


Distri 


—_ 


Muse 
Liver 
Integ 
Smal 
Bloo 
Bone 
Kidn 
Larg 
Test 
Luny 
Dep 
Sple 
Pan 
Brai 
Adr 
Inte 


T 


we 
etc 
me 
ab 





ques 
eyer 
Ccted 
had 
had 
itely 
and 
CO, 


-red 


and 
into 
ara- 
da 
1 in 
de- 


of a 
n 2 
‘om 
ter- 
unt 
the 
110- 
mn), 
Vas 
10- 
ad 
d. 
ith 
nal 
les 
he 
en 
ith 
e) 
eS 
n. 
sh 





MACKENZIE, CHANDLER, KELLER, RACHELE, CROSS, 107 
AND DU VIGNEAUD 


Chemical Fractionation—The procedure followed in the solvent fraction- 
ation of the rat (less kidneys, blood, and samples taken for combustion) 
is illustrated in Diagram 1. Several extractions were made with each 
solvent. The concentration of C'4 (in terms of administered methionine) 
found in each of these fractions is shown in Table IIT. 

In addition to the fractionation shown in Diagram 1, the ether-soluble 
fraction was saponified in Ba(OH)e solution and acidified. The lipides 


TaBLe II 


Distribution of Labeled Methyl Carbon Administered As Methionine (200 Mg.) in 
Organs and Tissues at 52 Hours 
































Tissue Wet weight Labeled carbon* 
gm. mg. 
AN Rie sos ned ve Sen denne eeNes 63. 5t | 27.9 
IRS 8s sis din ara¥iv ereiarelw av x BCE eo 3.7 
EE eee errr. ere 24.6T 12.6 
MUMNESIO «6555 x 0iica sce ae ecw eauare een 4.3 5.8 
Se sdapes sa tae 10.0t 5.5 
reer ernie. 10.2¢ 6.35 
yt rer oer rr se rnc 1.3 5.2 
OPT TCT Te 3.5 3.2 
ee sors de Bsiae kinases ore Cee 3.3 3.1 
SEES ere rrr errr. rr! 3.7 2.8 
Serer es or ee me? 8.5t 1.2 
ee ee ee a ee 0.9 0.95 
RS. hot ew evtiel tet ede erodes 0.8 0.76 
EE Pe ee ee ee ee, ae ee 1.5 0.5 
Se ee Pe ee ee ee ee ee eee 0.025 0.06 
MMNONIER) COMLGNIBS. «0s oscsc csc ck cake aes 1.4 
ee, [een eae 143.2 | 101.02 


* The labeled carbon is expressed as mg. of administered methionine. 
t Calculated from the data given by Donaldson (10). 


were then removed from the water-soluble components (choline, glycerol, 
etc.) by ether extraction. The lipide fraction was resaponified in a 
methanol solution of KOH and separated into fatty acids and non-saponifi- 
able material. The fatty acids were only slightly radioactive. The ethe- 
real solution of the non-saponifiable matter was washed twice with 0.1 
N NaOH and seven times with water. It was then subdivided into sterol, 
wax, and oil fractions by means of fractional crystallization from methanol 
(11). The cholesterol fraction after two crystallizations from methanol 
yielded a white crystalline material composed of notched monoclinic 
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plates. The solid fraction (wax) was pale yellow and the oil fraction was 
red. Each of these fractions possessed approximately the same low degree 
of radioactivity. 

Isolation of Choline and Creatine—Choline was isolated from both the 
water- and ether-soluble fractions as choline chloroplatinate. Creatine 
was isolated from the water-soluble fractions as creatinine potassium 
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Fic. 2. Concentration of the labeled methyl carbon administered as methionine 
in the organs and tissues at 52 hours. 


picrate (3). The platinum content of each of the choline derivatives 
was 31.2 per cent as compared with the theoretical value of 31.7 per cent. 
The creatinine potassium picrate was pure, according to the Jaffe re- 
action. 

The creatine content of the water-soluble and trichloroacetic acid- 
soluble fractions (Diagram 1) as determined by the Jaffe reaction was 
223 mg. and 72 mg., respectively. The choline chloroplatinate isolated 
from the water- and ether-soluble fractions amounted to 36 mg. and 154 
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mg., respectively. These values were translated into the amount of water. 
soluble and fat-soluble choline contained in the whole animal on the basis 
of the choline content of the rat as given by Jacobi and Baumann (12), 
The radioactivity of the choline and creatine samples was determined 
following their combustion. On the basis of our past experience it was 
assumed that all of the C was in the methyl groups. The C" present 
in these compounds was expressed as mg. of administered methionine 


(Table ITI). 


TABLE III 


Distribution of Labeled Methyl Carbon Administered As Methionine in Chemi 
Fractions of Body* at 52 Hours 


i 
cal 


Labeled carbont 














Fraction Dry weight a | Fectien Portion 
| | Amount | present as present as 
j | choline creatine 
| gm. | még. mg. mg 
Water-BOlubie........56.ceccecccsscs sees! 2.0 13.51 6.1 4.4 
PERSEBOIRDM: is. 66d. aa Sey. oe ee ee ee 20.48 | 16.8 
Trichloroacetic acid-soluble............ 17.4 8.16 | 1.0 
Ne oe 3.90 | 
IIIID, io ids «Bem oes sites cede oes | 18.0 30.60 | 
Nes Re ass Ha RAE ae cach « a 49.8 76.65 | 22.9 5.4 





* The kidneys and approximately one-half of the blood were not included in the 
fractionation. 


t The labeled carbon is expressed as mg. of administered methionine. 


SUMMARY 


The results of an experiment are reported in which 200 mg. of methio- 
nine labeled with C™ in the methyl group were given orally to a rat that 
was then fasted for 52 hours. 

The ability of the animal organism to oxidize the methy] group (adminis- 
tered as methionine) to carbon dioxide and water at a rapid rate was 
demonstrated by the appearance of one-quarter of the administered methy] 
carbon in the expired carbon dioxide during the ist day. ‘Thereafter 
the rate of oxidation of the methy] group fell to a low but steady value. 

At the same time the administered methyl group participated extensively 
in transmethylation reactions, as was shown by its appearance in the 
methyl groups of creatine plus choline in an amount equal to the quantity 
present in the body protein itself. Moreover, the specific activity of both 
the water-soluble and fat-soluble choline fractions exceeded the estimated 


specific activity of the protein-bound methionine. Accompanying these 
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chemical translocations of the administered methyl group was its wide- 
spread distribution throughout the body, as reflected by the presence of 
Cin all of the major organs and tissues. However, this distribution was 
most uneven, by far the highest concentrations of C' being found in the 
kidneys, liver, and adrenals. 

These findings suggest that the chemical and anatomical distribution 
of the administered methyl group contributed to the fall in the initial high 
rate of oxidation and to the establishment of the steady rate of oxidation 
of this radical, and, conversely, that the establishment of this steady rate 
of oxidation marked the end of the major chemical and morphological 
translocations that brought the methyl group into equilibrium with the 
labile methyl pools (and their oxidation products) already present in the 
body. 

The total recovery of the administered methyl] carbon was 94 per cent 
when calculated from the chemical analyses of the animal plus the C™ 
eliminated in the respiratory COs, urine, and feces. Similar calculations 
on the basis of tissue and organ analyses gave a total recovery of 101 
per cent. 


The authors wish to acknowledge the technical assistance of Mrs. 
Marion H. Wilson. 
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THE ACTIVITY OF SUCCINATE OXIDASE IN RELATION TO 
PHOSPHATE AND PHOSPHORUS COMPOUNDS* 


By ERIC G. BALL anp OCTAVIA COOPER 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, March 17, 1949) 


The usual procedure for the preparation of succinate oxidase involves 
the extraction of washed heart muscle with a mildly alkaline phosphate 
solution. A turbid dispersion is thus obtained which is resistant to pre- 
cipitation by a low centrifugal force and which contains at least cytochrome 
oxidase, cytochromes a, b, c, and a flavoprotein. This enzyme prepara- 
tion, besides catalyzing the oxidation of succinate and p-phenylenediamine, 
can also be shown to be capable of gearing a pyridine nucleotide enzyme 
_ system to oxygen. It thus contains a major portion of the enzymes in- 
volved in the transfer of electrons and hydrogen ions from substrates to 
oxygen. In order to study the composition of this integrated enzyme com- 
plex and the possible formation of high energy phosphate compounds during 
its functioning, it seemed worth while to attempt its preparation by a 
! procedure which did not involve the use of phosphate solutions. We de- 
_ scribe here such a procedure along with some interesting properties of the 
resulting enzyme preparation. 


EXPERIMENTAL 


Preparation of Enzyme—All steps to be described, including centrifu- 
gation, are carried out at about 4° and completed within 1 day. The cen- 
trifugal speeds which are given apply to the size 2 International centrifuge 
with a four-place head carrying 250 ce. cups. Glass-redistilled water was 
_ employed throughout. We have avoided the use of pig heart as a starting 
material, since we have experienced trouble with excessive amounts of 
copper in such hearts, presumably due to the use of massive doses of copper 
sulfate as a vermicide just prior to the slaughter of these animals. 

Step A; KCl Extract—50 gm. of fresh beef heart are put through a meat 
grinder twice, then mixed with 200 cc. of ice-cold water, and blended in a 
Waring blendor for 2 minutes. This homogenate is centrifuged for 10 
minutes at 1900 r.p.m. and the clear red supernatant discarded. The resi- 
due is mixed and blended for 30 seconds with 200 cc. of an ice-cold ex- 
tract of heart muscle. (This extract is prepared by boiling 50 gm. of 


* This work was supported in part under a grant from the American Cancer So- 
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twice ground heart muscle in 200 cc. of water for 10 minutes and filtering, 
If water is used for washing at this stage, a turbid supernatant is obtained 
with a consequent loss of enzyme. The resulting suspension is centrifuged 
for 10 minutes at 1900 r.p.m. and the supernatant again discarded. The 
residue is then mixed and blended for 30 seconds with ice-cold water. 
centrifuged 10 minutes at 1900 r.P.m., and the clear, slightly colored super. 
natant discarded. The residue is now blended with 200 ce. of cold 1.0 y 
KCl for 30 seconds. This suspension is centrifuged for 30 minutes at 2750 
R.P.M. and the cloudy supernatant, which contains the enzyme, is carefully 
drawn off by suction. The pH of the supernatant is 5.8, its average dry 
weight 9 mg. per cc., and the average Qo, (c.mm. of O, per hour per mg. of 
dry weight) with succinate as substrate is 179; yield 40 to 50 per cent. 

Step B; Dilution—The KCl extract is diluted with 4 volumes of cold 
water, added slowly, while stirring. After standing for 5 minutes, the 
white precipitate is removed by centrifugation (10 minutes at 2200 r.p.m.), 
and the supernatant which contains the enzyme is drawn off by suction, 
Its average dry weight is 1.0 mg. per cc. and the average Qo, with succinate 
as substrate is 290; yield 75 per cent. 

Step C; Ammonium Sulfate Precipitation—To each 100 cc. of diluted 
KCI supernatant are added, while stirring slowly, 70 ec. of an ammonium 
sulfate solution saturated at room temperature, containing 5 cc. per liter 
of concentrated ammonium hydroxide. This suspension, after standing 
5 minutes, is centrifuged for 15 minutes at 2600 r.p.m. and the supernatant 
drawn off and discarded. Enough ice-cold water is added to the precipi- 
tate to give a final volume one-tenth that of the starting diluted KC! 
supernatant. The pH of the preparation, which is about 7.45, is adjusted 
to 6.5 or 6.6 by the addition, with careful stirring, of 0.1 N HCl; 0.4 ce. 
per 10 cc. of enzyme preparation is usually required. Its average dry 
weight is 5.9 mg. per cc. and the average Qo, with succinate as substrate 
is 407; yield 90 per cent. 

The preparation at this stage is opalescent to turbid in appearance. 
When viewed with a hand spectroscope, it shows no oxyhemoglobin or 
oxymyoglobin bands. On addition of NaS,0,, the bands of reduced 
cytochrome a, b, and c become clearly visible and are about equal in in- 
tensity. Adjustment of the pH of the preparation at this stage to 6.5 
minimizes the loss of activity that occurs on storage. Even so, the prep- 
aration loses activity rapidly when stored at 4° for reasons that will be 
come apparent. 

Chemical Determinations—Measurements of oxygen consumption were 
made by the conventional Warburg manometric procedure at 37.1°. The 
gas phase was air except when bicarbonate buffers were employed; then 
a 5 per cent CO;-95 per cent air mixture was used. Sodium succinate 








ng. 


ined 
Iged 
The 
iter, 
per- 
Ox 
2750 
‘ully 
dry 


Z. of 


-old 

the 
M.), 
ion, 
nate 


vere 
The 
hen 
ate 


E. G. BALL AND O. COOPER 115 


and p-phenylenediamine were employed as substrates at final concentra- 
tions of 0.013 m and 0.015 Mm, respectively. Cytochrome c was added to all 
flasks to yield a final concentration of 10-° m. 

Iron determinations were made by a modification of the dipyridyl method 
described by Keilin and Hartree (9). Toinsure proper pH for the develop- 
ment of the color, 1 m acetate buffer, pH 4.6, was added. 

Phosphate determinations were made by the method of Fiske and Subba- 
row (5) with the aid of a Klett photoelectric colorimeter. Fractionation 
of the enzyme preparation into different phosphorus fractions was carried 
out by the method of Schneider (14). 

The determination of the dry weight of enzyme preparations was per- 
formed on samples submitted to exhaustive dialysis or to precipitation by 
the addition of an equal volume of 95 per cent ethyl alcohol with three 
washings of the precipitate with 50 per cent alcohol. Enzyme samples 
which were run by both techniques gave identical dry weight values. 

Flavin-adenine dinucleotide was determined by means of a coenzyme- 
free D-amino acid oxidase system in the manner first described by War- 
burg and Christian (18) with use of a pure sample of flavin-adenine dinu- 
cleotide as a standard. The analyses were performed on extracts made by 
heating the enzyme preparations at 90° for 10 minutes, cooling immediately, 
and centrifuging. 


Results 


The values reported for Qo, in the description of the method for the prep- 
aration of the enzyme were determined in 0.1 m phosphate buffer, pH 
7.4. The activity of the enzyme is, however, markedly affected by the 
type of buffer system employed, especially at the final step of the prepara- 
tion. In Table I data are presented which illustrate this point. The 
enzyme shows little or no activity in the oxidation of succinate when 
bicarbonate or glycerophosphate buffers are employed, while its activity 
in glyeylglycine is about 50 per cent of that observed in a phosphate buffer. 
When the cytochrome oxidase activity of the same enzyme preparation is 
measured with p-phenylenediamine as substrate, there is a high and equal 
activity observed in all four buffers. 

Data of this sort at first suggested that inorganic phosphate was in some 
way involved in the oxidation of succinate. Indeed, the addition of in- 
organic phosphate to bicarbonate buffer did improve the activity of the 
enzyme system. However, as can be seen from the data presented in 
Table II, relatively large quantities of phosphate were needed to give an 
appreciable increase in activity. It seemed unlikely, therefore, that this 
action of inorganic phosphate could be ascribed to a need for it in the oxida- 
tive process. Consonant with this interpretation is the greater activity 
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TABLE [| 


Aetivity of Succinate Oxidase in Different Buffer Systems 











Buffer system pH (Oxygen consumption 

| e.mm. per hie. 
DiS aie TE Ns a. Sis hoisted ice voedescse: 7.26 101 
RNIN 2s his: Sg sha esis ins bud dia’ si mnreione 7.28 53 
te II ai on ss sn wis neh bo en 6 5080s 7.32 13 
0.028 m NaHCO;-5% COs, 0.138 m KCl............. 7.31 6 





Each manometric flask contained 2.0 cc. of buffer solution; 0.1 cc. of cytochrome 
c,3 X 10‘; 0.2 cc. of sodium succinate, 0.2 Mm; 0.1 cc. of enzyme from Step C; and 
water to make a total volume of 3.0 cc. Temperature 37.1°. The pH values were 
determined by means of a glass electrode on the contents of the flasks at the end 
of the run. The succinate was tipped from the side arm after 20 minutes tem. 
perature equilibration. 


TABLE II 


Effect of Addition of Phosphate Ions, Glycine, and Aluminum and Calcium Ions on 
Succinate Oxidase Activity in Various Buffers 





J 


Experi- | Oxygen 





ment Buffer system | Addition consump- 
No. | tion 
| 6.7mm, 

} per hr, 

I | Bicarbonate, 0.028 m | a 

. 0.028 “ 0.01 cc. 0.1 m PQ, pH 7.3 |  § 

” 0.028 ‘ CF GRO ays Te | ll 

| “ 0.028 “ 5 “Ole “73 | g 

| Phosphate, 0.1 M | 85 

II | Bicarbonate, 0.028 mu | 9 
_ 0.028 ‘ | 0.5 cc. 1.2 m glycine | 120 

| Phosphate, 0.1 ™M | | 107 

| - od ale | 0.5 ce. 1.2 m glycine | 196 

| Glycerophosphate, 0.1m | ; oe 

| “ 0.1“ | 0.5 cc. 1.2 mM glycine | 184 

III | Bicarbonate, 0.028 m | 0 
3 0.028 ‘‘ | 0.3 cc. 4 X 107? AICI, 52 

y re |fo.3 “4x 10-7" « 

oe | ian “4 10-3" CaCl ? 

| Phosphate, 0.1 m | 114 

‘a é | 0.3 cc. 4 X 10-3 Mm AIC); . 

= | 5% “4X 10-3“ CaCl: 5 





Experimental details similar to those described for the data in Table I except that 
the given addition replaced an equal volume of water. pH values in all cases 7.4 
+ 0.1. A different enzyme preparation was employed in each of the three sets of 
experiments, so that they are not directly comparable. 
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observed in glycylglycine buffer than in glycerophosphate, since inorganic 
phosphate is a more likely impurity in the latter than in the former. 

The behavior of glycylglycine buffer suggested a trial of the effects of 
amino acids upon the process. The addition of glycine to a bicarbonate 
or glycerophosphate buffer causes a pronounced increase in the activity 
of the enzyme, as can be seen from the data given in Table II. The re- 
sponse obtained increases as the glycine concentration increases and be- 
gins to level off at the concentration given in Table II. The addition of 
glycine to phosphate buffer also markedly improves the activity of the 
enzyme, as the data in Table II demonstrate. No oxygen consumption is 
observed with glycine in the absence of succinate. 

The observations of Bodansky (3) on the inhibition of phosphatases by 
various amino acids came to our attention at this time. We were led, there- 
fore, to test the action of alanine and histidine on succinate oxidase activ- 
ity. Alanine is somewhat less effective than glycine, but histidine is as 
effective as glycine at one-fiftieth the concentration. These results resemble 
those reported by Bodansky for the effectiveness of these three amino 
acids in the inhibition of phosphatases. A working hypothesis was there- 
fore formulated which postulated the presence of a phosphatase in our 
enzyme preparation. This phosphatase, if uninhibited, is pictured as 
acting upon some phosphorylated compound essential to the activity of 
succinate oxidase. Thus the lack of activity in bicarbonate buffer would 
be explained by a destruction of this component of the enzyme system dur- 
ing the 20 minute period of temperature equilibration that precedes a 
measurement. The addition of inorganic phosphate or amino acid pre- 
vents this destruction by inhibiting the phosphatase. 

Proof for this hypothesis was therefore sought. The lack of activity in 
bicarbonate buffer could readily be shown to be due to the destruction of 
some component of the enzyme system during the equilibration period. 
For example, addition of inorganic phosphate or amino acid to the enzyme- 
bicarbonate buffer mixture after, instead of before, the equilibration period 
was ineffective. Also, addition of the enzyme from the side arm of the 
flask into the buffer substrate mixture after temperature equilibration pro- 
duced some activity which, however, rapidly decreased as the experiment 
progressed. Furthermore, shortening of the equilibration period favored 
the retention of activity in bicarbonate buffer. There thus seemed little 
doubt that a destruction of some component of the succinate oxidase com- 
plex explained the results obtained with bicarbonate buffer. Similar re- 
sults were also obtained with glycerophosphate buffer. 

Interestingly enough, aluminum ions also protect the enzyme from de- 
struction in bicarbonate buffer. Horecker, Stotz, and Hogness (8) were 
the first to show that aluminum ions enhanced the activity of succinate 
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oxidase. Potter and Schneider (13) confirmed this finding. Both of thes 
groups of investigators interpreted their findings as indicating a réle fo 


We al 


phosp 


aluminum in the oxidative mechanism. It seems possible, in the light of | comp 


our results, that aluminum acts by protecting the succinate oxidase system 
from destruction rather than as a stimulant per se. Thus its action would 
be not unlike that of calcium on this system. Swingle et al. (16) present 
evidence that calcium increases the succinate oxidase activity of tissue 
homogenates by activating the cozymase nucleotidase present in the homo. 
genates. Cozymase is thus more rapidly destroyed, and the formation of 
oxalacetate, which is strongly inhibitory to the succinoxidase system, js 
prevented. 

Calcium shows no stimulatory effect on our enzyme preparation and, jp. 
deed, tends to counteract the beneficial effects of aluminum. We may 
interpret this to mean that oxalacetate-forming enzymes are already ab- 
sent from our system and that calcium therefore now acts chiefly to acti- 
vate the phosphatase which aluminum tends to inhibit. Magnesium and 
manganese ions behave in a similar fashion. 

We have sought further to test the correctness of the hypothesis that a 
phosphatase is responsible for the destruction of succinate oxidase in bi- 
carbonate buffer by the use of fluoride, which is an accepted inhibitor of 
phosphatases. A direct manometric test of the action of fluoride is, how- 
ever, not possible, since fluoride also inhibits the succinic oxidase system. 
We have, therefore, proceeded in the following manner. The succinate 
oxidase system is not inhibited by fluoride if its final concentration in the 
manometer flasks does not exceed 0.002 mM. Now, since only 0.1 cc. of the 
final enzyme preparation is needed for a test of activity in a final volume of 
3.0 cc., it is possible to make the enzyme preparation itself 0.05 m in NaF 
without affecting its activity in the ultimate test system. The effect of 
fluoride on the stability of the enzyme preparation during storage can thus 
be observed. 

In Fig. 1, the data from an experiment of this type are presented. Four 
portions of the enzyme as precipitated in Step C were taken up in four 
different solutions which had the final composition indicated. The activ- 
ity of each was determined in phosphate buffer as described previously and 
the preparations were then stored at 4°. On subsequent days, as indicated 
in Fig. 1, their activity was again determined. The results show that 
fluoride at a final concentration of 0.05 m has a pronounced effect on the 
keeping qualities of the enzyme; a combination of 0.1 m PO,, pH 6.6, and 
0.05 m NaF, however, provides optimum conditions. These findings thus 
tend to confirm the hypothesis that a phosphatase is exerting a destructive 
effect upon the succinate oxidase complex. They also, however, furnish 
a practical means of preserving the succinate oxidase system during storage. 
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We are now routinely taking up our final enzyme preparation in 0.1 M 
phosphate buffer, pH 7.0, containing 0.05 m NaF for further studies on its 


tof | composition. 
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Fic. 1. Activity of succinate oxidase preparation from Step C after storage at 4° 
in various media. Curve 1, in H.O, pH 6.47; Curve 2, in 0.1 m phosphate, pH 6.58; 
Curve 8, in 0.05 u NaF, pH 6.25; Curve 4, in 0.1 m phosphate and 0.05 m NaF, pH 
6.57. 


TaB_e Ill 
Analytical Data on Various Preparations of Enzyme, Step C 





Preparation No. | 





rate ___| Average 
i ee oe ee 6.41.3) 1 cae 
ee —— ee | eee | eee | a | seen ee - — 
Dry weight, mg. percc........| 4.5 7.2 | 6.2 16.6 | 4.7 | 6.7] 5.7! 5.81] 5.9 
Re iii cs delet | 552 | 314 | 455 | 309 | 343 | 397 | 447 435 | 407 
Fe content, % dry weight.....; 0.110.059 0.084 
Flavin-adenine dinucleotide, | 
MGT WELONE... «occ ecases 0.024 0.027 0.0255 
Total P, % dry weight....... 1.33 | 1.641.50 | 1.47 1.51 1.70 1.62) 1.54 
Total acid-soluble P, % 
otek aed eke 0 0.9 3.2 | 2.2 | 9.3 | 3.1 | 6.2 | 3.6 
Nucleic acid P, % total P.... 28.7 (27.2 |30.5 |29.5 |29.0 
Phospholipide P, % total P... 51 


.9 76.3 |73.5 67.2 





Qo, values determined in 0.1 u PO, buffer, pH 7.4. 


In view of the findings described above, which suggested that a phos- 
phorylated compound was important to the functioning of succinate oxi- 
dase, we have analyzed our final preparations for their phosphorus con- 
tent. The results are given in Table III. The total phosphorus content 
is surprisingly high and averages about 1.5 per cent of the dry weight. 
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| 


Approximately two-thirds of this phosphorus is present in a form soluble _| 


in lipide solvents, and most of the remainder occurs as nucleic acid phos. 
phorus. A content of 1 per cent phospholipide phosphorus would indicate 
that a large percentage of our enzyme preparation is composed of lipide 
material. This is indeed the case. Extraction of dried salt-free enzyme 
preparations with a hot alcohol-ether mixture has uniformly yielded 37 per 
cent of the dry weight as material soluble in this solvent mixture. (Op 
the basis of the nucleic acid phosphorus values, another 5 per cent of the 
dry weight may be reckoned as nucleic acid. Thus, the total protein con. 
tent of our enzyme preparation is of the order of 58 per cent. 

For orientation purposes, the iron and flavin-adenine dinucleotide cop. 
tent of two of our preparations has been determined and the data are given 
in Table III. The correlation between the iron values and the Qo, values 
is perhaps fortuitous. Though our preparations are spectroscopically free 
of hemoglobin and myoglobin, we cannot be certain that all of the iron 
found represents cytochrome-bound iron. However, reckoned on the basis 
of the protein content of our preparation, the average iron content ap- 
proaches 0.15 per cent of the protein dry weight, or about half that present 
in most crystalline iron porphyrin proteins. 

We have presented evidence which suggests that the rapid destruction of 
succinate oxidase that occurs in bicarbonate buffer is due to the action of a 
phosphatase. If this is true, we might expect some change to occur in the 
phosphorus partition during the loss of activity that occurs during enzyme 
aging. The following experiment indicates that this is the case. A prep- 
aration of the enzyme was carried through Step C, except that the pH was 
left at 7.36 to enhance the rate of enzyme destruction in storage. A drop 
of toluene was added and the preparation incubated at 38°. Samples were 
removed at the start and at various time intervals thereafter for phosphorus 
analyses and succinate oxidase determinations. Initial values for inor- 
ganic P and total acid-soluble P were 0.9 and 3.2 y per cc., respectively. 
After 63 hours of incubation, the corresponding phosphorus values were 
1.3 and 6.7 y per cc. and the succinate oxidase activity was 59 per cent of 
its initial value. At the end of 24 hours of incubation, all succinate oxi- 
dase activity had disappeared, and the inorganic P was then 4.0 y per ce. 
and total acid-soluble P 11.2 y per cc. The increase in total soluble P 
during the 24 hours thus amounts to 8.0 7 per cc. or less than 10 per cent 
of the total P of 99 y percc. The flavin-adenine dinucleotide content of 
the preparation was also followed during the incubation period. Values 
of 1.75, 1.23, and 1.00 y per cc. were found at zero, 64, and 24 hours. In 
other experiments of this nature, the flavin-adenine dinucleotide content 


has dropped to zero in 24 hours. Thus there occurs both a conversion of | 
a small portion of the non-acid-soluble P into acid-soluble and inorganic | 
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P and a destruction of flavin-adenine dinucleotide during the loss of suc- 
cinate oxidase activity. 

Findings such as these naturally suggest that it might be possible to 
prevent destruction of succinate oxidase activity or even to restore activ- 
ity in our preparation by the addition of the proper phosphorylated com- 
pound. The addition of adenosine triphosphate (ATP), diphosphopyridine 
nucleotide, thiamine pyrophosphate, adenosine-3-phosphate, adenosine-5- 
phosphate, flavin-adenine dinucleotide, yeast nucleic acid, a-tocopherol 
phosphate, or heated heart muscle extract did not restore activity to a 
preparation that had undergone inactivation in bicarbonate buffer during 
amanometric test. The addition of an extract of the water-soluble protein 
of heart muscle along with ATP was also without restorative properties. 
The addition of ATP to the bicarbonate buffer before the enzyme, however, 
did afford some protection to the enzyme. Its action in this respect was 
not outstanding and suggested that it acted by competing for the phos- 
phatase rather than as a component of the succinate oxidase system. 


DISCUSSION 


The association of considerable lipide material with the various enzymes 
known to compose the succinate oxidase complex raises some interesting 
points. In the first place, it would appear that the combination between 
protein and lipide material is a relatively tight one. Not only does the 
union of the two components survive the fractionation procedure described 
here, but it also resists rupture by high speed centrifugation. Preparations 
of the enzyme (Step C), when submitted to centrifugation at 18,000 R.P.m. 
(25,000 X g) for 1 hour at 0°, form translucent brown pellets in the bottom 
of the lusteroid centrifuge tubes and leave a practically clear and colorless 
supernatant. The precipitate possesses nearly all the lipide material and 
enzyme activity of the original preparation. The differences in specific 
gravity of lipide and protein material are thus not sufficient to rupture their 
association in this complex. Furthermore, the uniformity from prepara- 
tion to preparation of the total P values (chiefly lipide P) suggests that the 
content of lipide and protein material tends to bear a fairly constant ratio 
one to the other. Approximate calculations of this ratio on a molecular 
basismay be made. The average value found for the weight ratio of lipide 
to protein in the complex is 37:58. If a molecular weight of 700 is 
assumed for the lipide material, it is possible to calculate that with each 
protein molecule of molecular weight of 100,000 there will be associated 
90 lipide molecules. 

A réle for the phospholipides in oxidative processes has long been postu- 
lated (cf. Sinclair (15)). Whether the phospholipides play such a réle in 
the functioning of the succinate oxidase system cannot be answered at this 
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time. Another réle, more passive in nature, which may be suggested {oy 
them is the holding together of a group of enzymes which interact with one 
another in a chain of reactions. As pointed out previously (2), we are 
dealing in the succinate oxidase complex with enzymatic reactions in which 
one enzyme is the substrate for the other. The efficiency to be achieved 
in such a system by the spatial fixation of the participating enzymes close 
to one another is obvious. Thus the phospholipides might be looked upon 
as a cement substance to hold in close association groups of enzymes that 
perform together in metabolic cycles. In this connection, the location in 
the mitochondria of the succinate oxidase system (7), fatty acid oxidase 
(11), tricarboxylic acid cycle enzymes (11), along with the high phospho- 
lipide content (12) of these granules, is suggestive. 

The postulate that this lipide or phospholipide material is responsible for 
binding together the various oxidative enzymes found in this complex 
finds support in the action of desoxycholate upon this complex. Keilin 
and Hartree (10) and Wainio et al. (17) have used desoxycholate solutions 
either to clarify or to solubilize certain enzyme components of the succi- 
nate oxidase system. We have found that the addition of desoxycholate 
to our enzyme preparation to give a final concentration of 2 per cent changes 
its properties pronouncedly. High speed centrifugation now separates 
only a small fraction of the original material and the supernatant is crystal- 
clear and light brown in color. Its absorption spectrum can be quantita- 
tively determined and clearly shows the presence of cytochromes a and |) 
upon addition of Na,S,0, to the solution. We shall not discuss the enzyme 
properties of this preparation at this time. Let it suffice to say that all 
the evidence points to a dispersal and solubilization of the various com- 
ponents. In view of the well known interaction of desoxycholate and 
lipides, it does not seem unreasonable to ascribe these pronounced changes 
in physical properties of the enzyme preparation to a similar type of inter- 
action of desoxycholate with the lipide molecules of the enzyme complex. 

Another aspect of the association of considerable lipide material with 
the succinate oxidase complex that deserves mention is the inhibition of its 
activity by 2-hydroxy-3-alkylnaphthoquinones (2, 6). The effectiveness 
of these compounds as inhibitors is related to the length and type of the 
alkyl groups they contain. In general it can be said that the more lipide- 
soluble the substituted group the more effective the compound becomes as 
an inhibitor. Is it possible that these naphthoquinones are so effective as 
inhibitors by reason of their affinity for the lipides of the succinate oxidase 
complex? Not without interest in this connection are calculations which 
show that the amount of succinate oxidase (0.7 mg. per 3.0 cc.) employed 
in the final enzyme test system results in a concentration of lipides (mo- 
lecular weight of 700 assumed) of about 10~ m in this system. Some of 
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the naphthoquinones are effective inhibitors in such a test system at con- 
centrations as low as 10-* to 10-* Mm. 

The data presented here suggest the participation of a phosphorylated 
compound in the chain of reactions that occur when succinate is oxidized 
by molecular oxygen. This phosphorus compound would appear to func- 
tion somewhere between succinate and cytochrome c, since the oxidation of 
p-phenylenediamine does not appear to be dependent on its presence. 
This phosphorylated compound also appears to be necessary for the reaction 
of succinate with methylene blue. The chemical nature and exact réle of 
this phosphorylated compound is unknown. The only known phosphorus- 
containing coenzyme present in the enzyme complex is flavin-adenine di- 
nucleotide. The observed concomitant, though not always complete, de- 
struction of this coenzyme and loss of succinate oxidase activity suggest 
that a flavoprotein might be involved. Yet the addition of flavin-adenine 
dinucleotide does not restore activity once it is lost. Such a result might 
be expected, however, if flavin-adenine dinucleotide was split by a phos- 
phodiesterase without the release of the resulting mononucleotides from 
the protein moiety. 

Axelrod et al. (1) have suggested that a flavoprotein is involved in the 
succinate oxidase system. Indeed, for all we know, succinate dehydro- 
genase may be a flavoprotein, since the exact nature of the enzyme is still 
unknown. It also is possible that a flavoprotein is necessary to link suc- 
cinate dehydrogenase to cytochrome c, since evidence is accumulating that 
some linkage is necessary (cf. (2)). Experiments now in progress may 
help to elucidate the nature of the phosphorylated compound essential to 
the functioning of the succinate oxidase system. 

The observations made here that amino acids can protect an enzyme 
from destruction during in vitro studies may not be without a wider appli- 
cation. We should like to suggest that the observations of Bodansky (3), 
that amino acids are effective inhibitors of phosphatases, may provide us 
with a physiological reagent for stabilizing tissue slices or homogenates 
against the loss of important phosphorylated compounds and so permit 
in vitro metabolic studies not yet achieved. Indeed, in view of the find- 
ings of Christensen et al. (4) on the concentrations of amino acids within 
tissues, we may even wonder whether they may not play some regulatory 
role in vivo. 

SUMMARY 


1. A preparation of succinate oxidase has been obtained from heart 
muscle by a method which does not involve the use of phosphate buffers. 
Such preparations show little or no activity as measured manometrically 
in bicarbonate or glycerophosphate buffers, moderate activity in glycyl- 
glycine buffers, and high activity in phosphate buffers. 
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2. It is shown that lack of activity in bicarbonate buffer is due to the 
destructive action of a phosphatase also present in the preparation. This 
destructive action can be retarded by phosphate or aluminum ions, amino 
acids, or fluoride. The nature of the essential phosphorylated compound 
destroyed is not known, but there is a possibility that flavin-adenine qj. 
nucleotide is involved. 

3. Analysis of the enzyme preparation shows that 37 per cent of its 
dry weight is soluble in lipide solvents and that 1 per cent of the dry weight 
is lipide phosphorus. The possible significance of this finding in relation 
(1) to the action of desoxycholate and naphthoquinones on the enzyme 
system, and (2) to the binding together of the various enzymes in the com- 
plex is discussed. 
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THE MICROBIOLOGICAL ESTIMATION OF LACTOBACILLUS 
LACTIS DORNER ACTIVITY WITH VITAMIN By AS 
A STANDARD 


By MURIEL C. CASWELL, LEAH K. KODITSCHEK, ann DAVID HENDLIN 


(From the Research Laboratories, Merck and Company, Inc., Rahway, New Jersey) 
(Received for publication, March 21, 1949) 


Lactobacillus lactis Dorner has been reported to require two unidentified 
growth factors; one, a tomato juice component (TJ), and the other a 
component of liver extract, designated LLD (1, 2). Recently Shorb (3) 
and Rickes et al. (4) have shown that vitamin By was either wholly or 
partially responsible for the LLD activity of liver preparations. More 
recently Shive et al. (5) and Wright et al. (6) have demonstrated the ability 
of thymidine to satisfy the LLD requirement of L. lactis Dorner. 

The extreme interest in vitamin By due to its efficacy in pernicious 
anemia therapy (7) has prompted us to present the method of assay used 
in the Merck laboratories. It is the purpose of this paper to describe in 
detail a microbiological assay procedure for vitamin B,. with L. lactis 
Dorner and to discuss some of the factors influencing the assay. 


EXPERIMENTAL 


Medium—The basal medium used in the assay procedure is a modifi- 
cation of the medium reported by Stokes ef al. (8, 9) for the microbio- 
logical assay of amino acids. The composition of the assay medium 
isshown in Table I. Stock solutions of the amino acids, Salts A and 
B, and the vitamins were prepared as described by Stokes et al. (8, 9). 
All solutions were stored in the refrigerator under toluene except solu- 
tions of tyrosine, norleucine, and cystine. These amino acids were pre- 
pared as a mixture and stored under toluene at room temperature because 
of their low solubility at 5°. <A stock solution containing 100 mg. per 
ml. of sulfuric acid- or hydrochloric acid-hydrolyzed casein was used as 
the source of casein hydrolysate. 

The basal medium was prepared by first combining all the constituents 
of the medium, with the exception of sodium ethyl oxalacetate, growth 
factors, casein hydrolysate, and Salts A and B. After clarification by 
gentle heating, the mixture was adjusted to pH 7.0 with 5 n NaOH and 
sodium ethyl oxalacetate, growth factors, casein hydrolysate, and Salts 
A and B were added, and the medium adjusted to pH 6.6. The above 
procedure was followed in order to eliminate the possible destruction of 
some of the growth factors by the acidity due to constituents of the medium. 
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Inoculum—The stock culture of L. lactis Dorner variant 6a! was maip. 
tained in an agar stab of the following composition: Bacto-yeast extract. 
1 per cent; anhydrous dextrose, 1 percent; Bacto-agar, 1.5 per cent; tomato 
juice eluate,? 0.02 per cent; and distilled water to volume. The stab was 
incubated at 37° for 24 hours and then stored at 4° for further use, |; 


TaBLe | 
Basal Medium (Double Strength) 








pL-Leucine /100 mg. | Glucose (anhydrous) 5 gm 
pi-Isoleucine }100 “ | Fumaric acid 250 mg 
pL-Valine 1100 “ Sodium ethyl oxalacetate 250 « 
L-Cystine 100 “ Sodium acetate, anhydrous 3 gm 
pL-Methionine /100 “ | Adenine 5 mg. 
pL-Tryptophan | 200 “ . Guanine 5 * 
L-Tyrosine 1100 “ Uracil 5 
pu-Phenylalanine (100 “ | Pantothenic acid 100 
pL-Glutamic acid |100 “ | Riboflavin 100 
pL-Threonine 100 “ | Thiamine- HCl 100 
p.i-Alanine 100 “ | Nicotinic acid 100 
puL-Aspartic acid 100 “ | Pyridoxamine 200 
L-Lysine | 50 “ | Biotin 0.2 * 
L-Arginine 100 “ | p-Aminobenzoiec acid 20 « 
L-Histidine 100 “ | Pteroylglutamic acid* er. 
pL-Serine 100 “ | Salts A 
pL-Norleucine /100 “ K;HPO, 250 mg 
Glycine | ia KH.PO, 20 CO # 
Casein hydrolysatet 1 § " Salts B 
MgSO,-7H2O 100 
| MnSO,-7H2O 5 
| NaCl 5 
FeSO,-7H:O 5 
Add distilled water to 250 mi. 


* Pteroylglutamic acid was dissolved 
n NaOH. 
+t HeSO,-hydrolyzed (norit-treated) or HCl-hydrolyzed caseins were used. 


in 20 per cent ethanolic solution of 0.01 


has been our practice to prepare fresh agar stabs weekly, since stabs older 
than 2 weeks occasionally failed to grow upon transfer into liquid media. 

Broth medium used for preparation of assay inoculum consisted of 
basal medium (diluted 1:2) to which 1 unit of crystalline vitamin B,,* was 
added per ml. of diluted medium. A 24 hour culture prepared in 5 ml. of 


1 Culture obtained from Dr. Shorb (1). 

* TJ eluate kindly supplied by Dr. T. R. Wood, Organic and Biochemical Research 
Department, Merck and Company, Inc., Rahway, New Jersey. 

+ Crystalline vitamin B,: was reported by Rickes et al. (4) to contain 11,000 units 
per microgram. 
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broth was washed twice with 5 ml. of sterile distilled water and resuspended 
in 10 ml. of sterile distilled water. A 1:10 dilution of the above suspension, 
which gave a light transmission of 90 to 95 per cent with the Evelyn 
colorimeter (520 my filter), was used as inoculum. The use of cultures 
older than 24 hours was found unsuitable. 48 hour cultures showed 
retarded response to increased dosage of vitamin By. and 72 hour cultures 
failed to grow on transfer. 

Assay Procedure—Samples to be assayed were diluted in distilled water, 
after adjustment to pH 7.0, to contain approximately 0.5 unit of vitamin 
By per ml. of solution. The sample was then added to each of five lipless 
(180 X 22 mm.) test-tubes at 0.5, 1.0, 1.5, 2.0, and 2.5 ml. quantities, 
respectively. Distilled water was added to bring the volume to 2.5 ml., 
and 2.5 ml. of basal medium (see Table I) were then added to bring the 
total volume to 5.0ml. The tubes were plugged with cotton and sterilized 
at 15 pounds pressure for only 13 minutes. Prolonged autoclaving de- 
creased the vitamin By: level required for half maximal growth. The 
racks of tubes can also be covered by tin-foil, instead of plugging each 
tube, thus facilitating rapid inoculation. Each tube was inoculated, asep- 
tically, with 1 drop (0.05 ml.) of a L. lactis Dorner suspension prepared 
as described above. The tubes were then incubated at 37° for 40 hours. 
While a decrease in the incubation time did affect the maximal degree of 
growth permitted by a given dosage of vitamin By, incubation for longer 
than 40 hours had no effect on the assay values obtained. 

A standard vitamin By response curve was obtained by plotting the 
volumes (in ml.) of 0.05 n NaOH required to neutralize the lactic acid 
formed by L. lactis from the dissimilation of glucose against graded amounts 
of vitamin By. added to each of two replicate tubes. The amount of 
acid produced could also be measured potentiometrically, a response 
curve being obtained by plotting the dosage of vitamin By: against pH. 
A typical response curve is shown in Fig. 1. 

Some variation was encountered in the concentration of vitamin By 
required for half maximal growth from one assay to another, usually 
ranging between 0.25 and 0.5 unit per 5 ml. For this reason, occasionally 
not all of the five levels of the test sample fell within the range of the 
standard curve. 

Tomato Juice Eluate—Shorb (1, 2) has reported that L. lactis requires 
a factor for growth which is found in tomato juice preparations. The use 
of crude preparations in assay procedures invariably causes difficulty due 
to their content of inhibitory and stimulatory substances. In this particu- 
lar assay, further difficulty was encountered by the fact that practically 
all tomato juice eluates contained some LLD activity, allowing growth to 
occur in tubes containing no added vitamin By. It has been possible in 
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the medium used in this assay, in which pL-alanine is present,‘ to replace 
the tomato juice factor with a mixture of fumaric acid and sodium ethy| 
oxalacetate, thus eliminating the above difficulties. The sensitivity of L. 
lactts Dorner to vitamin B,. was greatly increased by this replacement. 
While 1.6 units of vitamin By per tube produced half maximal growth in 
a tomato juice-supplemented medium, only 0.38 unit per tube was required 
for similar response in the presence of fumaric acid and sodium ethy] ox- 
alacetate. 

Oxygen Tension—In early experiments, a total volume of 10 ml. per tube 
was used in the assay procedure. Under these conditions frequent occur- 
rence of maximal growth was encountered in tubes to which no vitamin 
By was added. Recently, Koditschek et al. (10) have shown that, under 
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points on the curve are averages of two replicate tubes. 


reduced oxygen tension or low oxidation-reduction potential of the medium, 
added vitamin B, is not required by L. lactis Dorner variant 6a and that 
increasing the volume surface area ratio decreased the vitamin By» require- 
ment. In the light of these findings, attempts were made to increase 
the requirement of L. lactis for vitamin By by increasing the O- tension of 
the medium. The medium was saturated with O. by shaking tubes in 
a reciprocal shaker before inoculation. Table II shows that shaking for 
3 minutes saturated the medium with O.. Under these conditions, the 
occurrence of maximal growth in tubes to which no vitamin By was added 
was markedly decreased but not completely eliminated. When, however, 
the volume of medium was decreased from 10 to 5 ml. per tube, maximal 


‘Dr. Shorb has reported by personal communication a requirement for p-alanine 
in a TJ-deficient medium. 
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growth was completely eliminated in tubes containing no added vitamin 
By, and greater reproducibility of assay results was obtained. 

LLD-Active Substances—Recently Shive et al. (5) and Wright et al. (6) 
have shown that thymidine possesses LLD activity and is able to replace 
vitamin By for L. lactis. We have also observed the LLD activity of 
thymidine. On the basis of half maximal growth, the weight ratio of thy- 
midine to vitamin B,,; was found to be approximately 3000:1. This ob- 
servation is in agreement with the report that 1 to 3 y per 10 ml of thy- 
midine is required for half maximal growth of L. lactis (5). 

Shive et al. (5) have shown that ascorbic acid eliminated the requirement 
of L. lactis for added vitamin B,,. More recently, Koditschek et al. (10) 











TaBLe II 
Effect of Shaking on O, Concentration of Medium 
Shaking time* Dissolved Ost 

min. pace p.p.m 
0.0 1.0 
0.03 24.3 
0.25 2.8 
0.50 3.9 
1.0 4.8 
1.5 §.3 
2.0 5.9 
3.0 6.4 

Controlt 6.3 








* Reciprocal shaker; 160 oscillations per minute. 
t Determined polarographically with dropping mercury electrode. 
t Air bubbled through the medium for 5 minutes. 


have published results which substantiate these findings of Shive and have 
further shown that reducing substances, in general, are capable of eliminat- 
ing the LLD requirement of the test organism. 

We have further observed in the assay of raw materials and fermentation 
liquors that some of the LLD activity of these samples is due neither to 
reducing substance nor to vitamin By. These observations further em- 
phasize the lack of specificity of response of L. lactis Dorner to crystalline 
vitamin Br. 

Statistical Analysis—An analysis of the precision of the method was 
made with values obtained from LLD-containing concentrates and crys- 
talline vitamin By. These data obtained with the concentrates and crys- 
talline material showed the same amount of variation. The precision 
expected for a given number of replications, 7.e., a given number of assay 
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tubes, run on more than 1 day, is presented in Fig. 2. In Fig. 2 the totg) 
number of replications is plotted against the precision range in per cent,’ 
It is possible to determine from the curve the total number of tubes to }y 
run in order to obtain a desired precision range in which one could expec; 
repeated values on the same sample to fall 99 per cent of the time. |; 
one desires a precision of +20 per cent, a total of twenty tubes is required, 

Day to day variation was found to be a significant factor. For this rea. 
son, values from more than 1 day should be averaged to obtain a true 
assay value. The number of replicates run should therefore be spread 
over more than 1 day. 
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Fic. 2. Precision of assay. The range within which one could expect repeated 
values to fall 99 per cent of the time. 


SUMMARY 


A microbiological method for the determination of LLD activity is de- 
scribed. It is based on the response of L. lactis Dorner to vitamin By as 
measured by the lactic acid formed from the dissimilation of glucose. 

The specific effect of oxygen tension on the assay and means of eliminat- 
ing such effects are discussed. 


The authors wish to thank Dr. J. L. Stokes for initiating this study and 
suggesting the use of the synthetic amino acid medium as a basal medium 
for the assay. Thanks are also due to Dr. J. H. Davidson of the Control 
Division, Merck and Company, Inc., and Dr. Walther Ott of the Merck 


* (Precision range in per cent)? = (3 X s.u.)?/(number of replicates). 
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Institute for Therapeutic Research for the statistical evaluation herein 
presented. The authors are indebted to Dr. H. B. Woodruff, Microbiologi- 
eal Section, for helpful suggestions during the course of this study. 


Addendum—A 3-fold increase in precision has been obtained in the assay by sub- 
stituting L. lactis Dorner ATCC 8000 for the 6a variant. A precision range of +20 
per cent can be obtained with only six replicates. L. lactis Dorner ATCC 8000 will 
grow in the above basal medium provided it is supplemented with Tween 80 (0.25 
mg. per tube). 


BIBLIOGRAPHY 


|. Shorb, M.S., J. Bact., 68, 669 (1947). 

9, Shorb, M.S8., J. Biol. Chem., 169, 455 (1947). 

3, Shorb, M. 8., Science, 107, 397 (1948). 

4. Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Science, 107, 396 (1948). 

5, Shive, W., Ravel, J. M., and Eakin, R. E., J. Am. Chem. Soc., 70, 2614 (1948). 

6. Wright, L. D., Skeggs, H. R., and Huff, J. W., J. Biol. Chem., 175, 475 (1948). 

7. West, R., Sctence, 107, 398 (1948). 

8. Stokes, J. L., and Gunness, M., J. Biol. Chem., 157, 651 (1945). 

9. Stokes, J. L., Gunness, M., Dwyer, I. M., and Caswell, M. C., J. Biol. Chem., 
160, 35 (1945). 

0. Koditschek, L. K., Hendlin, D., and Woodruff, H. B.. J. Biol. Chem.. 179, 1093 
(1949). 


_ 











——EEE 


} 
f 
| 








THE ACONITE ALKALOIDS 
XXII. THE DEMETHYLATION OF DELPHININE DERIVATIVES 


By WALTER A. JACOBS ann YOSHIO SATO 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, March 31, 1949) 


Characteristic of the poisonous group of aconite alkaloids such as del- 
phinine and aconitine is the presence in the molecule of four methoxyl 
groups. It was obvious from the start that demethylation would be 
necessary to facilitate their structural study in certain directions. In the 
earliest studies of this laboratory, repeated attempts were made to deme- 
thylate the bases themselves or certain of their derivatives with hydriodic 
acid and phosphorus or aluminum chloride, but the results proved un- 
promising in the cases studied. On the other hand, instances of partial 
demethylation (1) were encountered, mostly in the use of hydrochloric 
acid and in a few cases with nitric acid. Thus with a-oxodelphinine one 
or two methoxyl groups were replaced by Cl and a similar result was 
obtained with pyro-a-oxodelphinine. With each of these derivatives nitric 
acid was found to remove one O-methyl group readily but without substi- 
tution. As previously reported, such partial demethylation did not ap- 
pear to occur so readily with delphinine itself or with the other derivatives 
tried. 

In more recent work, to be described elsewhere (2), in which the Clem- 
mensen reduction was attempted with a keto acid obtained from dihy- 
droisopyrooxodelphonine (3), it was observed that concentration of the 
reaction mixture resulted in partial demethylation. This effect was then 
directly traced to the zinc chloride. It was soon found that a very useful re- 
agent is a saturated zinc chloride solution in 5 per cent aqueous HCl. 
For general orientation the effect of this reagent at 40° was tried on octa- 
hydroisopyrooxodelphinine. The crystalline product isolated proved to 
be a dimethylanhydro derivative with the formulation C2,H,O;N and re- 
sulted from the loss of two methyl groups and 1 mole of water. The 
ultraviolet absorption data obtained with this substance, as in the case of 
isopyrooxodelphonine and dihydroisopyrooxodelphonine as presented in 
Fig. 1, show essentially end-absorption. These curves are also practi- 
cally superimposable on the absorption curve previously obtained (4) with 
a-oxodelphonine, the saponification product of a-oxodelphinine. It is 
apparent therefore that the double bond produced by the loss of acetic acid 
on pyrolysis, as well as its subsequent shift by isomerization, has not ap- 
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preciably affected the absorption. Attempts to hydrogenate the dimeth. 
ylanhydro derivative were unsuccessful, a fact, which, taken together wit) 
a similar experience with other derivatives, indicates the formation either 
of a resistant double bond or of an oxidic group. An oxidic group js 
favored by the Zerewitinoff determination, which showed the presence of 
only one active hydrogen due to the remaining free hydroxyl group. The 
loss of water appears restricted to the newly exposed hydroxy! groups and 
does not involve the free hydroxyl group present in octahydroisopyro- 
oxodelphinine itself. This point will be discussed again in a succeeding 
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Fic. 1. Ultraviolet absorption spectra of (X) isopyrooxodelphonine, (@) dihy- 
droisopyrooxodelphonine, and (©) the dimethylanhydro derivative in ethanol. 


paper. No other demethylation products were isolated from the reaction 
mixture or when the reaction was tried at higher temperatures. This was 
in part due to the ready cleavage of the hexahydrobenzoyl group. The 
apparent greater resistance of the remaining methoxyl groups in octaliy- 
droisopyrooxodelphinine is suggested by the following experience with 
the unsaturated isopyrooxodelphinine in which a labilizing effect of the 
double bond is indicated. 

When the reagent was tried with isopyrooxodelphinine (3) or, better, 
directly with pyro-a-oxodelphinine because of its initial isomerization to 
the former by the HCl, demethylation proceeded with unusual ease. 
At 40° the major reaction involved the loss of three of the O-methy] groups 
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and 1 mole of water. The analytical data showed the formation of the 
monomethylanhydro derivative, CosH30;N. The latter on hydrogenation 
absorbed 4 moles of H. with the formation of its octahydro derivative, 
CoxH390;N. This reaction involved hydrogenation not only of the benzoyl! 
group to hexahydrobenzoyl but of the pyro double bond, which will be 
discussed below. That an unsaturation, or preferably an oxidic linkage, 
produced by the water loss is not the point of hydrogenation is in accord 
with the result obtained with the demethylation product from octahy- 
droisopyrooxodelphinine. 

With the production of the monomethyl compound some complete de- 
methylation was also noted. Further study, however, showed that this 
was favored at 60° with the production of desmethylanhydroisopyrooxo- 
delphinine, C2;H290;N. Because of its solubility long continued extraction 
with chloroform from the diluted reaction mixture was found necessary for 
its isolation. 

A small quantity of the above intermediate monomethy] derivative was 
also obtained from the reaction at 60° and in addition a erystalline by- 
product in still smaller amount, which proved to be a chlorine-contain'ng 
but completely demethylated derivative. Analysis of this chlorodesmethyl- 
anhydro derivative indicated a formulation C27H2s0sNCl to be explained by 
the probable replacement of a hydroxyl group by chlorine. 

In a previous communication (1) the production from pyro-a-oxodel- 
phinine with HNO; of a substance C3o9H370sN was described with an in- 
dicated loss of one methyl group. Because of the ready isomerizing action 
of the strong acid it is unquestionably an isopyro derivative. That its 
formation does not involve oxidation by the nitric acid used and repre- 
sents an intermediate step in the demethylation series has now been shown 
by its complete demethylation with zinc chloride and HCl to the above 
desmethylanhydroisopyrooxodelphinine. 

Although desmethylanhydroisopyrooxodelphinine was readily hydro- 
genated, the resulting octahydro derivative possessed properties which made 
manipulation difficult. Its study was not completed, since the experience 
with the saponification product proved more satisfactory, as described 
below. Its oxidation with chromic acid yielded a monoketone, C2;H270;N, 
which was characterized by its oxime. The last to be removed and there- 
fore the most resistant methyl group covers a secondary hydroxyl group, 
since the intermediate monomethylanhydro derivative, C23H30;N, as 
well as octahydroisopyrooxodelphinine, was not similarly affected by the 
reagent. 

The desmethylanhydroisopyrooxodelphinine on saponification readily 
yielded desmethylanhydroisopyrooxodelphonine, C2oH2sOsN, which proved 
to be soluble in water. On hydrogenation 1 mole of H: was absorbed with 
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the formation of desmethylanhydrodihydroisopyrooxodelphonine, CoH»,0,N. 
Its oxidation will be described elsewhere. 

Because of the need for larger amounts of pyro-a-oxodelphinine we have 
studied again its preparation and purification. As presented under “Rx. 
perimental,” chromatography was found necessary for its satisfactory 
separation from by-products. The presence of a double bond in the 
pyro derivative was shown (3) by its hydrogenation to octahydropyro- 
a-oxodelphinine and by the production of an isomeric octahydroisopyro- 
oxodelphinine from isopyrooxodelphinine. This was supported by the fact 
that saponification of isopyrooxodelphinine and its octahydro derivative 
gave respectively isopyrooxodelphonine, C2;H;;0;N, and its dihydro deriva- 
tive, Cx4H3;707;N. This would indicate that the isomerization of pyro- 
a-oxodelphinine with acid is due to a shift of the double bond. More 
recently this conclusion has been substantiated by the failure of attempts 
to isomerize its hydrogenation product, octahydropyro-a-oxodelphinine, 
and also in the following manner. 

The previously described hydrogenation product of a-oxodelphinine, 
hexahydro-a-oxodelphinine (5), was pyrolyzed with loss of acetic acid to 
hexahydropyro-c-oxodelphinine ({a}:' = + 209°). As expected, the latter 
on hydrogenation absorbed the additional mole of H2 with the formation of 


the same octahydropyrooxodelphinine ([a}$! = —14.5°), previously ob- 

tained by the one-step hydrogenation of pyro-a-oxodelphinine. The ro- 

tation found with octahydroisopyrooxodelphinine was [a] = —72°. 
EXPERIMENTAL 


Pyro-a-oxodelphinine—For the preparation of larger quantities of this 
substance it was found advisable to restrict the amount of a-oxodelphinine 
used in each pyrolysis operation and then to combine the crude material 
for the isolation process. 

6 gm. portions contained in 200 cc. flasks were immersed in a metal bath 
heated above 200° and then rapidly brought to 235-240°. The rapid, 
complete, and uniform melting of the substance was facilitated by the use 
of a spatula and the heating was continued at this temperature for a total 
of 12 to 15 minutes, during which complete crystallization of the melt oc- 
curred. The product from 42 gm. of starting material was dissolved in chlo- 
roform and the solution was extracted successively with dilute Na,CO; and 
H,O and dried. After concentration and final drying in vacuo, the res- 
inous residue amounted to 33.8 gm. This material was dissolved in 400 
cc. of benzene by warming and added to a column of 1 kilo of an active 
alumina and followed at first by 500 cc. of benzene. 

Since the development of the column proceeded too slowly with 1 per 
cent methanol in benzene, 2 per cent was later used. After several liters 
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of the 2 per cent mixture had passed through, material suddenly emerged 
from the column. At this point the first 200 cc. yielded 2 gm. of residue 
and succeeding 100 cc. portions of eluent yielded in turn 1.95 gm., 2.15, 
9.42, 2.62, 2.87, 3.0, 3.04, 3.5, 2.8, and 2.0 gm. Following the succeeding 
portions of 1.69 and 1.59 gm. of less pure material, the amount eluted 
dropped rapidly to 0.28, 0.12, 0.08, 0.06 gm., etc. The first eleven frac- 
tions of 28.35 gm. were combined by solution in benzene and concentrated 
to smaller volume and crystallization. A heavy crust of stout prisms sepa- 
rated which were collected with benzene. This fraction of 17.65 gm. was 
succeeded on concentration by a second of equally pure material of 6.54 
gm. The mother liquor yielded more substance but this was contaminated 
by apparently unpyrolyzed a-oxodelphinine. The substance separated 
with or without solvent, depending upon the conditions of crystallization. 
In the former case, it melted at 260-262°. When crystallized from a 
mixture of benzene and ether, it melted gradually from 246-258°. 
[a]> = +173° (c = 0.73 in 95% ethanol) 
[a]? = +88° (c = 0.79 in pyridine) 
C3H3,0,:N. Calculated, C 67.23, H 7.10; found, C 67.22, H 7.15 


Hexahydropyro-a-oxodelphinine—Hexahydro-a-oxodelphinine was  ob- 
tained as previously described (5) and, when crystallized from acetone, 
formed nearly rectangular micro platelets which melted at 194°. 

0.4 gm. of this substance was immersed in a metal bath at 200°, the 
temperature quickly raised to 230°, and the heating continued for 10 
minutes. Although the resulting resin crystallized readily from ether, 
the product was contaminated with starting material and the isopyro 
derivative. A satisfactory separation was obtained with alumina. A 
solution of the material in warm benzene was concentrated to about 5 ce. 
and passed through 10 gm. of an active alumina. After attempted elution 
with about 70 cc. of benzene, this was followed with 0.5 per cent methanol 
in benzene, which was collected in 10 cc. portions. Of the latter, Frac- 
tions 16, 17, and 18 showed a sharp zone and gave respectively 62, 94, and 
71 mg. of crystalline residue. The combined material yielded from ether 
0.155 gm. of flat needles and thin leaflets, which melted under the micro- 
scope at 212-216° and again gradually partly crystallized as needles which 
melted at 233-242°. 


[alp = +209° (c = 0.85 in 95% ethanol) 
CyHyOsN. Calculated, C 66.50, H 8.11; found, C 66.75, H 8.20 


Octahydropyro-ca-oxodelphinine—O.1 gm. of the hexahydro derivative was 
hydrogenated with 50 mg. of platinum oxide catalyst in 95 per cent ethanol. 
Within an hour the process was practically completed, with the absorp- 
tion of about 1 mole of H; in excess of the catalyst. The substance formed 
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6-sided leaflets and flat needles from ether which melted at [86-199 
and showed no depression when mixed with the previously described (3 
octahydro derivative obtained by hydrogenation of pyro-a-oxodelphinine 
[e]p = —14.5° (c = 0.89 in 95% ethanol) 
CaHazOsN. Calculated, C 66.26, H 8.44; found, C 66.42, H 8.55 

The hydrogenation of pyro-a-oxodelphinine originally reported in aceti 
acid solution has since been carried out in ethanol. The resulting oets. 
hydro derivative showed [a]? = —14° (c = 0.86 in 95 per cent ethanol) 
The rotation obtained with the substance prepared in acetic acid was 
[a]? = —14° (c = 0.86 in 95 per cent ethanol). However, the melting 
point has been found to vary with the conditions of crystallization, Op 
occasion a melting point of 199-204° after preliminary sintering has beep 
observed. 

Attempts to isomerize this substance in methanol with HCl, as in the 
formation of isopyrooxodelphinine (3) from pyrooxodelphinine, failed singe 
aside from slight cleavage of hexahydrobenzoie acid it was recovered un- 
changed. [a]*® = —13°. 

The rotation recently found with octahydroisopyrooxodelphinine is 


™ wae; be 5 eee 
la]jp = —72° (c = 0.93 in 95% ethanol) 


Dimethylanhydro Derivative from Octahydroisopyrooxodelphinine—0.1 gm 
of octahydroisopyrooxodelphinine was treated with a solution of 4 gm. of 
zinc chloride in 1.4 ce. of 5 per cent HCl and the mixture was kept at 40°. 
Solution gradually occurred, and after 45 minutes the colorless diluted 
mixture was continuously extracted for several hours with chloroform. 
The latter yielded on concentration a resin which smelled of hexahydroben- 
zoic acid, but readily crystallized on solution in warm methanol-water 
(2:3). 29 mg. were collected in the first fraction but an additional 7 mg. 
were obtained in a second fraction. It formed trapezoidal micro plate- 
lets or rods from dilute methanol, which melted at 271-275°. Attempts 
to hydrogenate this substance were unsuccessful. 

C2HyO;N. Calculated, C 67.53, H 8.02, 2(OCH;) 12.04 
Found, aT SB, * 11.75 


11.493 mg. of dried substance gave 0.58 ce. of CH, (30°; 730 mm. 
Found, H 0.197; calculated for 1 H, 0.194 


Monomethylanhydro Derivative from Isopyrooxodelphinine—1.65 gm. oi 
pyrooxodelphinine were added to a solution of 66 gm. of zinc chloride 
in 23 cc. of 5 per cent HCl. The mixture which was kept at 40° formed 
at first a suspension of partly resinous material, which on stirring gradv- 
ally dissolved after about 10 minutes, with the exception of a few masses 
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which had clumped together but on longer manipulation also dissolved. 
After 1 hour the slightly colored solution was chilled and diluted. The 
almost clear mixture was extracted continuously in an extractor with 
chloroform for 1} hours. The extract on concentration, finally in vacuo, to 
dryness yielded 1.48 gm. of aresinousmass. On solution in a small volume 
of acetone and seeding, it gradually crystallized as a mass of micro needles 
orlong platelets. 1.01 gm. were collected in the cold with acetone. From 
dilute acetone it formed micro prisms and rods which melted at 167-170°. 
Both from acetone and the diluted solvent it separated with solvent and 
for analysis was dried at 110° and 0.2 mm. 


la]; = —52° (c = 0.90 of dried substance in 50% ethanol) 
CosH3,0;N. Calculated, C 68.12, H 6.33; found C 68.16, H 6.25 


The concentrated mother liquor from the first crystalline crop, when 
combined with additional material obtained on continued extraction of 
the original reaction mixture, gradually crystallized as needles of the 
completely demethylated substance described below. 

In the first demethylation experiments isopyrooxodelphinine was used 
as the starting material and its complete homogeneity was perhaps some- 
what in question. It was found necessary in the initial encounter to 
fractionate the reaction product. 

Thus 1 gm. of isopyrooxodelphinine was treated with zinc chloride in 5 
per cent HCl, as described above. The resinous reaction product ob- 
tained by continuous extraction with chloroform and concentration was 
dissolved in a few cc. of methanol. The solution was treated with H,O 
as long as a resinous precipitate formed. After standing, the decanted 
solution (about 20 cc.) was allowed to stand. The next day crystalliza- 
tion had begun and, after rubbing and standing overnight, increased. In 
the meantime the resinous fraction was redissolved in a small volume of 
acetone and diluted. After standing, the supernatant solution was de- 
canted and seeded with the above fraction. In this manner a small addi- 
tional fraction was obtained which was collected with the first crystalline 
crop and amounted in all to 0.137 gm. On recrystallization from dilute 
acetone it yielded a first crop (55 mg.) which was contaminated by halogen- 
contaming material. The mother liquor on further manipulation gave a 
second fraction of needles and platelets (38 mg.) which melted at 168-170° 
and was halogen-free. It was dried for analysis at 110° and 0.2 mm. 


CxH30;N. Calculated, C 68.12, H 6.33, OCH; 6.29 
Found, “Gu, 2, " 6 


The major amount of the reaction material remained in the resinous preci- 
pitate and the mother liquors, and this was recombined by chloroform ex- 
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traction. The material recovered on concentration toa resin was dissolved | 
in a mixture of 5cc. of chloroform and 5 cc. of benzene and chromatp. 
graphed through 20 gm. of alumina in benzene. Since the attempt to 
develop the column with benzene and then with 0.5 per cent methanol jn 
benzene was without result, it was eluted with 1 per cent methanol jn 
benzene. A succession of fractions was obtained and it was found that 





the first portion eluted contained halogenated substance. The later inter. 
mediate and major band crystallized from the diluted acetone solution 
as characteristic needles and agreed in properties with the fraction de- 
scribed. 


[al> = —52° (c = 0.847 of dried substance in 50% ethanol) 
Analysis of Dried Substance—Found, C 67.95, H 6.32, OCH; 6.40 


Later fractions from the chromatogram with 2.5 per cent methanol 
yielded high melting material which was not further studied. 

Octahydromonomethylanhydro Derivative—0.15 gm. of the previous mono- 
methylanhydro derivative was boiled down in methanol to remove acetone 
of crystallization and the solution in methanol was hydrogenated with 50 
mg. of platinum oxide catalyst. Although the process appeared complete 
after 2 hours, the operation was continued without appreciable further 
absorption. The absorption in excess of the catalyst requirement was 28 
cc., or about 4 moles. After considerable manipulation the substance was 
obtained from methanol-ether as delicate micro needles or rosettes which 
melted at 146-147.5° and contained solvent. 

For analysis it was dried at 110° and 0.2 mm. 


CosH3,0;N. Calculated, C 67.02, H 7.84; found, C 66.90, H 7.73 


Desmethylanhydroisopyrooxodelphinine—O0.1 gm. of the above mono- 
methyl] derivative was treated with a solution of 4 gm. of zinc chloride in 
1.4 cc. of 5 per cent HCI and heated at 60° for 1 hour. The initial cheesy 
mass gradually dissolved on manipulation with a rod. The slightly colored 
solution was diluted and continuously extracted with chloroform. The 
latter yielded on concentration a gelatinous mass which was further dried 
in vacuo. A solution of the residue in acetone readily crystallized as a 
mass of delicate needles which melted at 299-301° and contained solvent. 
Analysis showed it to be methoxyl-free. 

For analysis it was dried at 110° and 0.2 mm. 


C27H2,0;N. Calculated, C 67.61, H 6.10; found, C 67.72, H 6.31 


This substance was readily obtained in a larger amount by the direct 
use of pyrooxodelphinine. 2 gm. of the latter, when heated at 60° in 
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a solution of 80 gm. of zine chloride in 28 cc. of 5 per cent HCl, gradually 
dissolved. After 1 hour the clear yellow solution was diluted and ex- 
tracted in a funnel four times with 40 cc. portions of chloroform. The 
latter yielded on concentration 0.49 gm. of a mixture. The aqueous phase 
was then continuously extracted with chloroform for 18 hours, during 
which partly gelatinous material separated in the lower flask of accu- 
mulated boiling solvent. The latter on concentration, finally in vacuo, 
to dryness yielded 1.3 gm. of partly crystalline material. This was gradu- 
ally dissolved by refluxing in a large volume (about 700 cc.) of acetone, 
and, on concentration to about 200 cc., some gelatinous material began 
to appear but was soon followed by delicate needles. After standing 
overnight the solid was collected with dry acetone. 0.76 gm. of sub- 
stance which melted at 299-300° was obtained. 


la]p = —48.5° (c = 0.89 of dried substance in 50% ethanol) 
Found, C 67.22, H 6.24 


Material obtained by continued extraction of the aqueous phase and the 
above acetone mother liquor yielded an additional amount of the same 
substance and also a fraction of the intermediate monomethyl deriva- 
tive. 

The 0.49 gm. fraction of more readily extracted material, when dissolved 
ina small volume of chloroform, deposited leaflets which were collected 
with chloroform. The substance gradually softened to a melt from 240- 
249° and contained chlorine. The methoxyl content proved negligible. 

For analysis the substance was dried at 110° and 0.2 mm. 


CozHxOsNCl. Calculated. C 65.10, H 5.67, Cl 7.12 
Found. “ 64.42, “ 5.94, “ 6.92 


0.2 gm. of the substance C3.H370,N obtained from pyro-a-oxodelphinine 
with HNO; (1) wassimilarly heated for 45 minutes at 60° with zine chloride 
solution. The somewhat colored solution on dilution caused some pre- 
cipitation of resin and was shaken out four times with about 50 cc. of 
chloroform. The dried extract on concentration yielded 0.11 gm. of a 
resin. This consisted mostly of intermediate demethylation products and 
halogen-containing material and was not further investigated. 

The remaining aqueous phase was continuously extracted with chloro- 
form for 20 hours and yielded partly gelatinous material which, when 
dried, weighed 66 mg. This yielded from acetone a first crop of 41 mg. of 
delicate needles which melted at 295-296.5°. Analysis of the dried sub- 
stance gave 


CyrHy,0;N. Calculated, C 67.61, H 6.10; found, C 67.20, H 6.09 
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Desmethylanhydroketone, C2:H270;N—0.15 gm. of desmethylanhydroigo. | 


pyrooxodelphinine was dissolved in a mixture of 2.3 cc. of acetic acid and 
0.75 cc. of H,O and treated with 0.3 cc. of the Kiliani CrO; solution. 
Oxidation gradually proceeded at room temperature and the reagent wag 
used up in about 1.5 hours. The diluted mixture, after continuous extrae. 
tion with chloroform, yielded 0.14 gm. of resin. It crystallized from 
acetone as long thin needles which contained solvent and melted at 19]- 
194°. It is appreciably soluble in water. 
For analysis it was dried at 110° and 0.2 mm. 


C27H2;,0;N. Calculated, C 67.89, H 5.70; found, C 67.76, H 6.02 


The oxime was prepared by allowing the substance to react with a mix. 
ture of hydroxylamine hydrochloride and sodium acetate in sufficient 
50 per cent methanol. After several days standing and the removal of 
methanol, material separated which was not definitely crystalline. Op 
dilution of the warm solution in ethanol it separated as a fine micro 
crystalline powder which melted at 245-248°. The anhydrous substance 
yielded 


Ce1rH2307N2. Calculated, C 65.82, H 5.73, N 5.69 
Found, ** 65.82, “* 6.18 ‘* 5.38 


Desmethylanhydrotsopyrooxodelphonine—1 gm. of desmethylisopyrooxo- 
delphinine was suspended in 10 cc. of 70 per cent ethanol and treated with 
4 cc. of 0.5 Nn NaOH. The substance gradually dissolved but there re- 
mained in suspension some apparently amorphous material. After 5) 
minutes the turbid mixture was somewhat diluted and carefully acidi- 
fied to Congo red with H.SO,. After repeated extraction with ether to 
remove benzoic acid and ester, the aqueous phase was treated with several 
volumes of absolute ethanol and filtered. The filtrate was carefully 
neutralized with dilute NaOH to phenolphthalein and concentrated in 
vacuo to dryness. The residue was extracted with absolute ethanol and 
filtered from Na,SO,. The filtrate on concentration gave 0.8 gm. of resi- 
due. On treating with acetone-water (4:1) it dissolved on warming and 
crystallized on seeding as a thick pap. The first fraction collected 
with the same solvent was 0.28 gm. The mother liquor yielded suc- 
cessive fractions of 0.19 gm., 40 mg., and 22 mg. It formed needles which 
contained a solvent and melted at 168-170°. It was difficult to obtain the 
substance entirely ash-free. Attempts to sublime it at 0.03 mm. were 
unsuccessful, except for a relatively very small amount which flashed over 
apparently with solvent with the bath at about 120°. This substance 
melted at 171-173°. When the bath was further heated to 210°, decompo- 
sition in the unsublimed residue occurred. Molecular sublimation was 
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‘Ois0- | not tried. The substance is readily soluble in H.O, methanol, and ethanol, 


and insoluble in ether. 
For analysis it was dried at 110° and 0.2 mm. 


CyH206N. Calculated. C 63.96, H 6.72 
Found. (a) ‘* 63.57, “ 6.73 
(b) ** 63.76, ‘* 6.83 


Desmethylanhydrodihydroisopyrooxodelphonine—O.1 gm. of desmethylan- 
hydroisopyrooxodelphonine in 50 per cent ethanol with 50 mg. of platinum 
oxide catalyst absorbed about 1 mole of He in excess of the catalyst require- 
ment within 25 minutes and no further absorption appeared to occur. 
The filtrate from the catalyst on concentration to dryness yielded a resin 
which was dissolved in acetone-water (9:1). When crystallization once 
began after long standing, it separated readily as a powder of glistening 
minute micro crystals which were solvent-free. It crystallized also from 
methanol in a similar form. The substance melts at 290-292° and is 


sluble in H,O but very sparingly in absolute ethanol, methanol, and 
acetone. 


CaH270.N. Calculated. C 63.62, H toast 
Found. (a) ‘‘ 63.34, ‘* 6.92 
(6) O6.98,:°" Ta 


The yield of this product was somewhat less than half of the starting 
material. The mother liquor contained an appreciable amount of more 
sluble, possibly stereoisomeric, substance which was not crystallized. 


All analytical data have been obtained by Mr. D. Rigakos of this labora- 
tory. 


SUMMARY 


Although instances of partial demethylation of the methoxyl groups 
of certain delphinine derivatives were previously noted, controlled partial 
and complete demethylation has now been accomplished with the un- 
saturated isopyrooxodelphinine. This readily yields with zine chloride 
and HCl a monomethyl- or a desmethylanhydro derivative with an 
accompanying loss of 1 mole of water. In the case of the hydrogenated 
derivatives, demethylation occurs most readily to the dimethyl stage, with 
a2 accompanying loss of 1 mole of water. ‘The last and most resistant 
methoxyl group involves a secondary hydroxyl which can be oxidized 
to carbonyl after demethylation. 

The isomerization of pyro-a-oxodelphinine to isopyrooxodelphinine has 
been shown to involve the double bond produced on pyrolysis of a-oxo- 
delphinine with loss of acetic acid. 
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A NEW SYNTHESIS OF PHOSPHORYL-ENOLPYRUVIC ACID 


By ERICH BAER anp HERMANN O. L. FISCHER* 


(From the Banting and Best Department of Medical Research, Banting Institute, 
University of Toronto, Toronto, Canada) 


(Received for publication, March 26, 1949) 


While investigating the enzymatic conversion of p-glyceric acid-3- 
phosphoric acid to pyruvic acid and phosphoric acid, an essential step 
both in glycolysis and fermentation, Meyerhof and Lohmann (1) ob- 
served the formation of a hitherto unknown organic phosphoric acid 
ester. They succeeded in isolating the new intermediary compound by 
virtue of the ease of crystallization of the silver-barium salt, and estab- 
lished its constitution as that of phosphoryl-enolpyruvic acid (PEPA). 
The presence of optical activity in the isolated product thus led Meyerhof 
and Lohmann to propose and favor a formula (B) which differed from 
the anticipated structure (A). They realized, of course, the possibility 
that the activity observed could have been due to contamination by an 
optically active substance. 


OH 
«/ 
CH,=C—COOH CH:==C——C 
OPO.H: O OPO,H: 
(A) (B) 


The synthesis of compound A, accomplished by Kiessling (2) in Meyer- 
hof’s laboratory, by the interaction of pyruvic acid and phosphorus oxy- 
chloride in quinoline, produced a substance which proved to be identical 
with the natural product and thus established its constitution. 

Kiessling’s synthesis produced the PEPA, however, in a yield of at 
best 3 to 5 per cent. In view of the current biochemical interest in this 
substance a more practical method of preparation was desirable. De- 
spite the apparent simplicity of the molecule, the development of an 
efficient synthesis of PEPA has proved to be a difficult problem. Various 
approaches over a period of years have been investigated in this labora- 
tory, and the method which was finally developed is illustrated in the 
accompanying reaction scheme. Although the new procedure produces the 
compound in a yield several times that obtained by Kiessling’s method 
and in a higher state of purity, it cannot be regarded as completely 


* Present address, Virus Laboratory, Forestry Building, University of California, 
Berkeley 4, California. 
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satisfactory. However, no better method of preparing this substance 
is known at the present time. 

In its present form the synthesis is as follows: 8-Chlorolactic acid (J) 
is phosphorylated by means of phosphorus oxychloride in the presence 
of dimethylaniline. The phosphorylation product, a mixture of organic 
phosphoric acid esters, is not isolated but is treated immediately with 
an ethanolic solution of potassium hydroxide to remove the elements of 
hydrochloric acid from the phosphoryl-8-chlorolactic acid (II). The 
PEPA thus formed is precipitated, together with other organic phos- 
phates, as the ethanol-insoluble barium salt; it is finally isolated by means 
of its silver salt (IIL) and its characteristic silver-barium salt (IV) (1). 

The silver-barium salt, after purification by precipitation from dilute 
nitric acid, is free from inorganic phosphate and other esters of phos- 
phoric acid, gives the correct analysis for C;H,OgPBaAg + 2H.0, and 
contains pyruvic acid, phosphoric acid, silver, and barium in the theoret- 
ical ratios of 1:1:1:1. Its mercuric acetate-labile phosphorus is identical 
with the total organic phosphorus, a characteristic of PEPA (1). In 
alkaline solution the substance consumes 6 moles of iodine, producing 
1 mole of iodoform and 1 mole of inorganic phosphate. On acid hydroly- 
sis it forms quantitatively pyruvic acid and phosphoric acid, the rate 
of hydrolysis being identical with that reported for the natural com- 
pound (1). 

The crystal form of the silver-barium salt of PEPA varies somewhat 
with the conditions of crystallization, but the most typical form and 
arrangement are shown in Fig. 1. 


CH.ClI—CH—COOH — POCh_ | [CH.cl—CH—COOH A 
Dimethyl- 90% C.H,OH 
OH aniline OPOCI, 
(1) (II) 


CH,=C—COoOoK Ba(OOCCHS)» : CH.=C—COO}Ba AgNO 


OPO;K, OPO,Ba 


CH:==C—-COOAg Ba(NO)): CH.—=C—COOAg* 
| Nitric acid 
OPO ;Ag: OPO,Ba 
(ITT) (IV) 


*Placement of the silver and barium in these positions is arbitrary. 


The starting material for the synthesis of PEPA, the -chlorolactic 
acid, is not at present available commercially. Its preparation by oxida- 
tion of epichlorohydrin with nitric acid has been described by von Richter 
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3) and Fischer and Leuchs (4). The 8-chlorolactic acid thus prepared 
contains, however, considerable amounts of oxalic acid. In the experi- 
mental section of this paper a modified procedure is described for the 
preparation of pure 8-chlorolactic acid by nitric acid oxidation of either 
epichlorohydrin or glycerol-a-monochlorohydrin. 

In view of the greater reactivity of iodo compounds in general, it was 
thought that the phosphoryl-8-iodolactic acid would, on treatment with 
alkali, form the PEPA more readily than the corresponding bromo and 
chloro compounds. Accordingly the investigation was begun with £- 
iodolactic acid as starting material. The required 8-iodolactic acid was 
prepared from -chlorolactic acid by halogen exchange as described 






Py 


Fig. 1. Silver-barium salt of the synthetic phosphoryl-enolpyruvie acid 


by Glinsky. The only available abstract of this communication (5) is, 
however, so lacking in detail that it became necessary to reestablish the 
conditions of synthesis. The procedure as finally carried out in this 
laboratory is described in detail below. 

Later it was found that the over-all yield of PEPA obtained by direct 
phosphorylation of 6-chlorolactic acid is greater (based on the weight of 
8-chlorolactic acid) than that obtained by phosphorylation of 8-iodolactic 
acid derived from 8-chlorolactic acid. In the event that the 8-iodolactic 
acid becomes more readily available than the corresponding chloro com- 
pound, the present procedure for the synthesis of PEPA can be readily 
adapted to its use as starting material. 

Work is in progress in this laboratory on the synthesis of other enol- 
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phosphates of biological interest by methods similar to that described jy 
this paper. 
EXPERIMENTAL 
Phosphoryl-enolpyruvic Acid 

Phosphorylatton—A solution of 9.96 gm. (0.08 mole) of 8-chlorolactic 
acid (m.p. 78-80°) in 140 ml. of dry dimethylaniline! was prepared jn 9 
| liter three-necked flask equipped with an oil-sealed mechanical stirrer. 
calcium chloride tube, and dropping funnel. The flask was then im. 
mersed in an ice bath and the stirrer set in motion. As soon as the tem- 
perature of the solution had reached 2°, a solution of 13.5 gm. (0.088 
mole) of freshly distilled phosphorus oxychloride in 60 ml. of dry di- 
methylaniline was added dropwise over a period of 5 to 6 minutes. 15 
minutes after the last of the phosphorus oxychloride had been added, 
the ice bath was removed and the reaction mixture kept at room tem- 
perature for a period of 20 minutes. At the end of this time the speed 
of the stirrer was increased and a solution of 40 gm. of potassium hydrox- 
ide in 400 ml. of 90 per cent ethanol at room temperature was added 
quickly. The temperature of the mixture rose immediately to 45°. 
After 2 minutes at this temperature, the flask was immersed in an ice 
bath and the mixture brought to 30°. The vigorously stirred mixture 
was maintained at this temperature for 1 hour by placing the flask in a 
water bath at 30-32°. The suspension was then centrifuged and the 
precipitate washed at the centrifuge twice with 100 ml. portions of 95 
per cent ethanol. The mixture of potassium salts was dissolved in 240 
ml. of water and the solution freed of inorganic phosphate by adding 
ammoniacal magnesia mixture? until a test showed that all free phos- 
phate was removed. Approximately 150 ml. of the magnesia mixture 
were sufficient. An excess was avoided. The ammonium magnesium 
phosphate was removed by centrifugation and the decanted supernatant 
liquid mixed with a solution of 48 gm. of barium acetate in 120 ml. of 
water. The water-insoluble precipitate of barium salts was removed 
by centrifugation and the decanted supernatant liquid (525 ml.) was 
diluted gradually with an equal volume of 95 per cent ethanol. After 
standing for 2 hours at room temperature, the ethanol-insoluble precipi- 
tate was centrifuged and washed at the centrifuge consecutively with 
150 ml. portions of 95 per cent ethanol, 99 per cent ethanol, and ether. 


1 Dried over solid sodium hydroxide. 


2? Prepare as follows: Dissolve 400 gm. of magnesium chloride hexahydrate and 
300 gm. of ammonium chloride in 1500 ml. of warm water. Add ammonium by 
droxide until the solution is alkaline to litmus. After 1 hour filter the solution and 
add hydrochloric acid to the filtrate until acid to litmus. Shortly before use 15 
ml. of concentrated ammonia per 100 ml. of magnesia mixture are added. 
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The paste was freed from organic solvent in a stream of air and the re- 
sulting fine white powder dried in vacuo (0.2 mm.) over phosphorus pentox- 
ide to constant weight. 

The mixture of barium salts weighed 13.0 gm. and was free from in- 
organic phosphate. According to the value for mercuric acetate-labile 
phosphorus (2.74 per cent) the barium salts contained 1.93 gm. (14.3 per 
cent) of phosphoryl-enolpyruvic acid. The phosphorus labile to mer- 
curic acetate amounted to only 60.1 per cent of the total organic phos- 
phorus (4.57 per cent). The difference was accounted for by the presence 
of considerable amounts of other esters of phosphoric acid. The isola- 
tion of the pure enol-phosphate was accomplished via the silver and silver- 
barium salt. 

Isolation of Phosphoryl-enolpyruvic Acid As Silver-Barium Sali—The 
barium salt mixture (13.0 gm.) was dissolved in 250 ml. of 0.2 Nn nitric 
acid and the solution was freed from barium ions by adding dropwise 
5 n sulfuric acid until, in a centrifuged sample, the presence of a small 
excess of sulfuric acid could be detected. The barium sulfate was re- 
moved by centrifugation and the decanted supernatant liquid mixed 
with a concentrated aqueous solution of 18.0 gm. of silver nitrate.2 After 
the removal of a small precipitate of silver chloride concentrated am- 
monia was added cautiously drop by drop until the mixture was weakly 
but distinctly alkaline to litmus, and the voluminous precipitate of silver 
salts was removed by centrifugation. The well drained silver salts were 
dissolved in 350 ml. of 0.2 N nitric acid and the solution freed by centrifu- 
gation from a small amount of dark brown impurity, added to a solution 
of 11.0 gm. of barium nitrate in 180 ml. of water. This mixture was 
quickly poured into 350 ml. of 0.2 N ammonia at room temperature. 
After 100 ml. of 95 per cent ethanol had been added, the flask was placed 
in an ice box for a period of at least 3 hours. The colorless silver-barium 
salt was centrifuged, washed at the centrifuge consecutively with 50 ml. 
portions of 50 per cent ethanol, 99 per cent ethanol, and ether, and dried 
in vacuo (0.2 mm.) over phosphorus pentoxide for a period of 20 hours. 

The white crystalline product weighed 5.3 gm. and gave the following 
analysis: total P 5.6 per cent; mercuric acetate-labile P 5.2 per cent; 
organic but not mercuric acetate-labile P 0.2 per cent; inorganic P 0.2 
per cent. Theoretical values, total P 6.95 per cent; mercuric acetate- 
labile P 6.95 per cent. 

The silver-barium salt was readily obtained in analytically pure state 
by reprecipitation from dilute nitric acid. 

*In order to prevent discoloration of the silver or silver-barium salts all oper- 


ations from here on must be carried out in subdued light, and the finished prep- 
arations should be stored in darkness. 
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Purification of the Silver-Barium Sal@—The crude silver-barium 
(5.3 gm.) was dissolved in 110 ml. of 0.2 N nitric acid and the solution 
was freed, by centrifugation, of a small amount of brown impurities 
To the decanted supernatant were added 13 ml. of a 40 per cent barium 
acetate solution and the mixture was placed immediately in a dark room 
for a period of 24 hours. When undisturbed during this time, most of 
the voluminous precipitate changed into a mass of well formed and dense 
crystals (see Fig. 1), leaving the impurities in a finely divided and easily 
suspensible state. The mixture was gently agitated, and, after the 
heavy material had settled, the supernatant liquid carrying the suspended 
impurities was decanted. This flotation process was repeated twice with 
10 ml. portions of 50 per cent ethanol. Finally the crystalline materia] 
was transferred, with 20 ml. of 50 per cent ethanol, to a Biichner funnel, 
washed with 40 ml. of 99 per cent ethanol, and dried in vacuo (10 mm.) 
at room temperature over phosphorus pentoxide for a period of 18 hours, 
The colorless silver-barium salt of phosphoryl-enolpyruvic acid weighed 
3.6 gm. (10 per cent of the theoretical amount) and was analytically 
pure. 


C;H,0;,PBaAg + 2H,0 (446.3) 
Calculated. C 8.07, H 1.35, P (total organic) 6.95, P (mercuric acetate-labile) 6.95, 
Ag 24.17, Ba 30.78 
Found. C 8.31, H 1.29, P (total organic) 6.96, P (mercuric acetate-labile) 6.96, 
Ag 24.08, Ba 30.80 


Oxidation with Hypoiodite—A solution of PEPA, prepared by tritura- 
ting 129.4 mg. of silver-barium salt with dilute hydrochloric acid and 
removing the silver chloride by centrifugation, was mixed with 25.0 ml. 
of 0.100 N iodine solution and made alkaline to litmus. After standing 
30 minutes, the solution was acidified and the remaining iodine was deter- 
mined by titration with 0.100 N sodium thiosulfate solution. The iodine 
consumed amounted to 17.0 ml. of 0.100 n solution; z.e., 97.7 per cent of 
the amount calculated for 6 atoms of iodine. 

Determination of Pyruvic Acid—A dilute solution of PEPA, obtained 
by triturating 150.4 mg. of silver-barium salt with three 5 ml. portions 
of 2.5 n hydrochloric acid and removal of the silver chloride by centrifu- 
gation, was mixed with a warm solution of 250 mg. of 2,4-dinitrophenyl- 
hydrazine in 15 ml. of 2.5 n hydrochloric acid, and the mixture was kept 
in a boiling water bath for a period of 90 minutes. After standing for 


2 hours in an ice box at 6° the hydrazone was collected by suction ona | 


crucible with a fritted glass disk, washed with dilute hydrochloric acid 
and water, and dried in vacuo (0.2 mm.) over phosphorus pentoxide. 


The weight of the precipitate was 90.0 mg. The crucible was washed | 
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with dilute sodium bicarbonate solution and water until the filtrate was 
colorless, dried, and weighed as before. The loss in weight, equal to the 
amount of 2,4-dinitrophenylhydrazone of pyruvic acid, was 89.0 mg. or 
97.9 per cent of the theoretical value. 

The sodium bicarbonate solution, on acidification, yielded pyruvic 
acid 2,4-dinitrophenylhydrazone, which after recrystallization from 99 
per cent ethanol, melted with decomposition at 218-219°. The melting 
point of an authentic sample of pyruvic acid 2 ,4-dinitrophenylhydrazone 
was 218-219° (decomposition). 

Acid Hydrolysis of Phosphoryl-enolpyruvic Acid—To prepare a solution 
of PEPA in hydrochloric acid, 37.3 mg. of the silver-barium salt were 
triturated three times with 10 ml. portions of 1 Nn hydrochloric acid. 
After each trituration the solid was centrifuged, the supernatant liquid 
decanted, and the precipitate resuspended in hydrochloric acid. The 
supernatant solutions were combined and the volume brought to 50 ml. 
with 1.0 n hydrochloric acid. A series of stoppered Pyrex test-tubes, 
each containing 2.0 ml. of the PEPA solution (1.67 X 10-* m), was kept 
in a strongly boiling water bath. At intervals of 5 minutes tubes were 
removed and their inorganic phosphorus determined colorimetrically. 
The rate of hydrolysis was found to be identical with that reported for 
the natural PEPA. Both rates of hydrolysis are plotted in Fig. 2. 


B-Chlorolactic Acid 


To 440 ml. of cold nitric acid (sp. gr. 1.42) in a 5 liter round bottomed 
flask surrounded by an ice bath, 110.5 gm. (1.0 mole) of glycerol-a-mono- 
chlorohydrin were added from a separatory funnel over a period of 10 
minutes. The flask was then placed on a boiling water bath‘ and its 
contents heated until reaction set in, as indicated by the appearance of 
gas bubbles. The water bath was then immediately removed and the 
reaction allowed to proceed spontaneously. After approximately 10 
minutes the vigorous reaction had subsided and the mixture was heated 
on a boiling water bath for half an hour. The cooled reaction mixture 
was transferred to a distilling flask and concentrated as far as possible 
in vacuo (8 to 10 mm. of Hg) at a bath temperature not exceeding 55°. 
The partially crystallized residue was dissolved in 370 ml. of distilled 
water, the solution was made neutral to litmus with anhydrous sodium 
carbonate, and the sodium oxalate was removed by filtration with suc- 
tion. The remainder of the oxalic acid was removed by adding to the 
filtrate dropwise a concentrated aqueous solution of calcium chloride until 
no more precipitate formed, and filtering the mixture. Concentrated 


‘This reaction is accompanied by the evolution of large amounts of nitrogen 
oxides and therefore must be carried out under a fume hood. 
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sulfuric acid, equivalent to the amount of anhydrous sodium carbonate 
used above, was added slowly and with stirring to the ice-cold filtrate 
and the solution was extracted six to eight times with 230 ml. of ether, 
The combined ether extracts were evaporated under diminished pressure 
and the residue heated in vacuo to 60° for 2 hours. The remaining solid 
was dissolved in 120 ml. of hot n-butyl ether and the solution placed in 


ice for 3 hours. The colorless crystals were collected on a Biichner fup. 
nel, washed on the filter with low boiling petroleum ether, and dried in 
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Fic. 2. Rates of hydrolysis of phosphoryl-enolpyruvic acid in 1.0 n hydrochloric 


acid at 100°. O, synthetic product; x natural product (Meyerhof and Lohmann 
(1)). 








vacuo. The §-chlorolactic acid melted at 78-80° and weighed 38.5 gm. 
(32 per cent of the theoretical amount). 

By substituting an equivalent amount of epichlorohydrin (92.5 gm.) 
in the above procedure, 8-chlorolactic acid of the same purity (m.p. 78.5- 


80°) and practically the same yield (37.8 gm., 30.3 per cent of the theoret- | 


ical amount) was obtained. 


8-Iodolactic Acid 


A solution of 93.4 gm. (0.75 mole) of 8-chlorolactic acid and 170 gm. 
(1.13 mole) of anhydrous sodium iodide’ in 550 ml. of dry acetone was 


5 Dried in the oven at 120°. 
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prepared in a 1 liter round bottomed flask with ground glass joint bearing 
, reflux condenser and a calcium chloride tube. The reaction flask was 
placed in a water bath of 65° and the solution refluxed for 24 hours. The 
mixture was then cooled to room temperature, filtered, and the sodium 
chloride washed on the filter several times with a small amount of dry 
acetone. The combined filtrates together with 46 gm. (0.31 mole) of 
dry sodium iodide were refluxed for 24 hours. The cooled solution was 
filtered, the sodium chloride washed with dry acetone, and the combined 
fltrates concentrated under reduced pressure to a thick syrup. The 
partially solid residue was dissolved in 160 ml. of distilled water and the 
slution decolorized with solid sodium bisulfite. After the addition of 
40 ml. of 5 N sulfuric acid the solution was extracted twice with 150 ml 
of petroleum ether*® (b.p. 30-60°) and five times with 130 ml. of peroxide- 
free ether. The combined ether extracts were dried with anhydrous 
sodium sulfate, the ether removed under diminished pressure, and the 
residue was kept for several hours in a vacuum of 10 mm. at a bath tem- 


~ perature of 55°. The dark brown mass was spread on a clay plate to 


remove cily impurities and then thoroughly dried in vacuo over phos- 
phorus pentoxide. For purification the crude 6-iodolactic acid, weighing 
131 gm., was dissolved in 260 ml. of dry ethyl acetate and reprecipitated 
by the addition of 560 ml. of carbon tetrachloride. To increase the 
yield the mixture was placed in a dry ice-acetone bath at —65° for half 
an hour. The solid was filtered by suction on a Biichner funnel, washed 
with cold (—30°) carbon tetrachloride until both crystals and filtrate 
were colorless, and dried in vacuo. Yield of pure §8-iodolactic acid, 106 
gm. (65.5 per cent of the calculated amount); m.p. 99-100° (6). 


SUMMARY 


1, A new and more efficient synthesis of phosphoryl-enolpyruvic acid 
(PEPA) is described. 

2. The synthesis involves three steps: (a) phosphorylation of 8-chloro- 
lactic acid with phosphorus oxychloride; (b) removal of the elements of 
hydrochloric acid from phosphoryl]-8-chlorolactic acid by treatment with 
alkali; (c) isolation of the phosphoryl-enolpyruvic acid as the silver- 
barium salt. 

3. The properties of the phosphoryl-enolpyruvic acid from §-chloro- 
lactic acid were found to be identical with those reported for the natural 
PEPA (Meyerhof and Lohmann) and the synthetic PEPA obtained by 
phosphorylation of pyruvic acid (Kiessling). 


‘The petroleum ether extraction removes higher boiling condensation products 
of acetone. 
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SYNTHESIS OF PEPTIDES OF METHIONINE AND THEIR 
CLEAVAGE BY PROTEOLYTIC ENZYMES* 


By CHARLES A. DEKKER, STERLING P. TAYLOR, Jr., ano 
JOSEPH S. FRUTON 


(From the Department of Physiological Chemistry, Yale University, New Haven) 
(Received for publication, March 21, 1949) 


In a previous communication from this laboratory (1), a method was 
described for the enzymatic resolution of pi-methionine. The ready 
availability of the optically active enantiomorphs has made possible the 
application of the carbobenzoxy method to the synthesis of peptides of 
t- and p-methionine. A search of the literature has indicated that the 
only methionine peptide described thus far is glycyl-t-methionine (2), 
which was obtained by the treatment of L-methionine with chloroacety] 
chloride, followed by the amination of the resulting chloroacetylamino 
acid. The rotation of the peptide was not reported, however, and, as is 
noted in the experimental section of this communication, the melting 
point of this product is about 55° lower than that found for glycyl-- 
methionine prepared by the carbobenzoxy method. In what follows, 
there is described the synthesis of a series of methionine peptides and 
peptide derivatives, and a number of these have been examined with re- 
gard to their susceptibility to the hydrolytic action of several proteolytic 
enzymes. In addition, the availability of such peptides of methionine 
makes possible the study of other metabolic reactions involving compounds 
in which this amino acid is bound in peptide linkage. The results of 
such studies will be reported in future communications. 

Synthesis of Peptides of Methionine—In the experimental section, di- 
rections are given for the synthesis of the free peptides glycyl-L- and 
p-methionine, L- and p-methionylglycine, a-Lt-glutamyl-L-methionine, L- 
methionyl-L-methionine, ut-methionyl-.-tyrosine, and .-methionylglycyl- 
glycine. In addition, there have been prepared a number of derivatives 
of L- and p-methionine, and of peptides containing L- or p-methionine 
residues. Aside from the procedure for the removal of the carbobenzoxy 
group, the methods employed in these syntheses were similar to those 
applied to the preparation of peptides of other amino acids (3), and re- 
quire no special mention at this point. In view of the presence of the 
sulfur atom in the methionine side chain, it was to be expected that hy- 


*This study was aided by grants from the Rockefeller Foundation and from the 
American Cancer Society (on recommendation of the Committee on Growth of the 
National Research Council). 
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drogenolysis of the carbobenzoxy group with palladium black as the cat. 
alyst would not be a feasible procedure. It was found, however, that, 
in the case of most of the methionine derivatives subjected to hydrogen. 
olysis, this could be effected in the usual way with palladium black. al. 
though occasionally the time of hydrogenolysis was prolonged, and fresh 
catalyst had to be added to complete the reaction. More serious diff 
culties were encountcred in the application of this method to the hydro. 
genolysis of carbobenzoxyglycyl-t-methionine and of carbobenzoxy-t. 
methionyl-L-methionine, and these compounds were reduced with sodium 
in liquid ammonia (4). Since this procedure may involve demethylation 
of the methionine side chain to give derivatives of homocysteine (5), 
methy] iodide was added at the end of the reaction so as to insure remethyl- 
ation of the sulfur (6). In this manner, it was possible to obtain analyti- 
cally pure glycyl-L-methionine and t-methionyl-L-methionine, although the 
yields were somewhat lower than those usually obtained by catalytic 
hydrogenolysis with palladium black. In the present study, no attempt 
was made to isolate the homocysteine peptides formed by the treatment 
of the methionine peptides with sodium in liquid ammonia. It may be 
expected that the synthesis of such compounds may be effected more 
economically by the use of the S-benzyl-t-homocysteine obtained upon 
acid hydrolysis of carbobenzoxy-L-methioninanilide (1). 

In the course of the attempted preparation of carbobenzoxy-L-methionyl- 
glycinamide, it was noted that when the corresponding ethyl ester was 
treated with ammonia in methanol for 2 days at room temperature there 
was formed, in addition to the expected product, an appreciable quantity 
of the amide of 5-[2-(methylthiol)ethyl|]hydantoin-3-acetic acid (1). 


C.H,CH:OCO—NH—CH—CH.CH,SCH; 


Co 
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Wy CH,OH — 
CH, 

COOC.H; 


CO—N H—CH—CH:CH.SCH; 


—————-——-N + C.H;CH,0H 
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The reaction leading to the formation of (I) is analogous to that pre- 
yiously observed in the attempted amination of carbobenzoxy-t-phenyl- 
alanylglycine ethyl ester, which was converted to the amide of 5-benzyl- 
hydantoin-3-acetic acid (7). To these two cases of hydantoin formation, 
with the elimination of benzyl] alcohol, may be added the behavior of 
carbobenzoxy-L-leucylglycine ethyl ester which, on treatment with am- 
monia in methanol, yields the amide of 5-isobutylhydantoin-3-acetic acid. 


TABLE I 
Action of Papain and Ficin on Acylamino Acid Amides 
Substrate, 0.05 mm per cc. of test solution; papain concentration, 0.16 mg. of 
protein N per cc. of test solution; ficin concentration, 0.03 mg. of protein N per cc. 
of test solution; methanol, 0.3 cc. per cc. of test solution; concentration of acti- 
vator (cysteine), 0.01 m; , PH 5 | to 5. 4 (0.2 Mm citrate buffer) ; tempe rature, 38°. 








j Hydrolysist 
7 . “* «* . 
Substrate Pa nonin} | Ficin§ 


1 hr. | 2 br hrs. | 24 rs s.| 1 hr. | 2 brs. | 24 hrs. 


per cent) per cent ber cent, per cent ea cent per cent 


Carbobenzoxy-L-methioninamide||......... 17 | 30 | 51 | 72 


| 
| 





Carbobenzoxy-p-methioninamidel]......... 0] 0 Ye 
Benzoylglycinamide (10).. Kav Ae i .. 15 | O | 9 
Carbobenzoxy-L-leucinamide}] (11)........| 10 | 19 66 | 15 | 24 | 54 
Carbobenzoxy-L-serinamide (12). . we 42 | b«¥ | 32 
Carbobenzoxy-L-threoninamide............ | § | 25 i 22 
Carbobenzoxy-L-isoglutamine (13). | 4 | 39 29 | 52 

Carbobenzoxy-L-isoasparagine (13).. 0 2 a a ee i 
Benzoyl-u-argininamide (14)..... caeseast an | 6 | 11 | 40 
Benzoyl-u-histidinamide (14). ............ | pape y ge 0 | 0 
Carbobenzoxy-t-phenylalaninamide|} (7).. | o| 6 | 0} 2 





*The figures in parentheses are bibliographic reference numbers. 

t The rate of enzymatic hydrolysis was determined by microtitration of the 
carboxy] groups liberated during the experiment. 

t Prepared according to the procedure described in (15). 

§ Merck preparation. 

|| This substance was not completely in solution at the start of the experiment. 


It would appear that these reactions are closely related to that postulated 
in the conversion of carboethoxyglycylglycine ethyl ester to carbonyl- 
bisglycine by means of alkali, which has been explained by the assump- 
tion that there occurs the formation of hydantoin-3-acetic acid as a tran- 
sient intermediate (8). This is in accord with the observation that such 
hydantoin derivatives are readily hydrolyzed by alkali (9). 

Hydrolysis of Carbobenzory--methioninamide (CMA) by Papain and 
Ficin—It will be noted in Table I that CMA is readily hydrolyzed by 
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cysteine-activated papain and ficin at pH values near 5. In performing 
these experiments, methanol (0.3 cc. per cc. of test solution) was added ty 
dissolve some of the substrate, which is very sparingly soluble in water 
This insolubility serves to explain the failure to observe appreciable enzy- 
matic hydrolysis in the absence of added methanol. A similar situation 
has been noted in the case of the action of chymotrypsin on benzoyl-:- 
tyrosinamide and on benzoylglycyl-L-tyrosinamide (7, 16). Since it is to 
be expected that, in the presence of 30 per cent methanol, the rate of 
enzymatic action will be different from that found in aqueous solution, 
in making a comparison of the relative rates of cleavage of a series of 
acylamino acid amides by papain and ficin (cf. Table I), it seemed desirable 
to conduct all the experiments in 30 per cent methanol, even if a particular 
compound was soluble in water. In some cases, the acylamino acid 
amide was not completely dissolved in 30 per cent methanol at the start 
of the enzymatic test, and, for this reason, no calculations have been made 
of rate constants. 

A comparison of the rate of hydrolysis of CMA with the rates found 
for the other acylamino acid amides mentioned in Table I shows the 
methionine derivative to be among the most sensitive synthetic substrates 
for papain and ficin. Of especial interest is the finding that, in the case 
of papain, CMA is hydrolyzed somewhat more slowly than is benzoyl-1- 
argininamide (BAA), while ficin acts upon CMA much more rapidly than 
it does on BAA. If it is assumed that the enzymatic components of 
papain and ficin acting on BAA are homospecific enzymes (17), it would 
follow that the hydrolysis of CMA is performed by an endopeptidase 
different from these, and that ficin is a relatively richer source of the CMA- 
splitting enzyme than is papain. The extreme sensitivity, to papain and 
ficin, of peptide bonds involving the carbonyl group of a methionine 
residue focuses attention upon such linkages as possible points of pref- 
erential cleavage of proteins by these enzymes. 

The rapid hydrolysis of CMA by an enzymatic component of papain 
is not surprising in view of the previous finding that this enzyme prepara- 
tion is an effective catalyst in the synthesis of acid amide linkages involving 
the carbonyl group of a methionine residue (1). This is in accord with 
the conclusion, drawn from earlier studies (18), that, in the action of 
proteolytic enzymes, the specificity of hydrolysis is the same as that of 
synthesis. Also, as might have been expected from the stereochemical 
specificity of the enzymatic synthesis of methionine derivatives by papain 
(1), this enzyme preparation showed no appreciable action on carbobenz- 
oxy-D-methioninamide. A similar negative result was noted with ficin. 

Despite the earlier findings that activated papain hydrolyzes benzoyl- 
glycinamide, carbobenzoxy-L-isoglutamine (CIG) (19), carbobenzoxy-1- 
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serinamide (12), carbobenzoxy-L-leucinamide (20), and BAA (14), and 
that activated ficin splits BAA (21), to date there have been no systematic 
studies of the action of these enzyme preparations on an extensive series 
of these and of other acylamino acid amides. For this reason, the data in 
Table I, which include, in addition to the amino acid derivatives mentioned 
above, the acylamino acid amides derived from t-histidine, L-threonine, 
i-phenylalanine, and L-aspartic acid, are of interest in connection with the 
specificity of the enzymatic components of papain and ficin. It will be 
seen that carbobenzoxy-L-threoninamide is hydrolyzed by these enzyme 
preparations at rates that are similar to those noted for the serine analogue. 
In contrast, however, the closely related carbobenzoxy-L-isoasparagine 
and CIG differ widely in their sensitivity to enzyme action, the former 
being much more resistant to the action of papain or ficin. 

As was indicated above, the data in Table I suggest that the hydrolysis 
of CMA and of BAA are performed by different enzymatic components of 
papain. Evidence has been adduced previously (22) to show that the 
hydrolysis of BAA and of CIG by papain preparations is performed by 
different enzymatic components. It remains a task of the future to deter- 
mine whether the hydrolysis of the other acylamino acid amides mentioned 
in Table I involves the action of still other enzymes present in papain 
preparations. Similar considerations apply to the question of the enzy- 
matic heterogeneity of ficin preparations. Furthermore, no statement can 
be made at present as to the relative stability of the various enzymatic 
components of papain and ficin in the presence of the methanol concentra- 
tions used in these studies. 

Hydrolysis of Methionine Derivatives by Carboxypeptidase--Previous work 
(28, 24) has shown that pancreatic carboxypeptidase acts at peptide 
linkages adjacent to a free carboxyl group in substrates of the following 
general formula, in which the dotted line denotes the place of enzymatic 
cleavage. 


R ! R’ 


| { i 
C.H; CH:OCO—NHCHCO--NHCHCOOH 


It has been found that when R is a hydrogen atom, the most rapid hy- 
drolysis by carboxypeptidase is attained with substrates in which R’ is 
the side chain of L-phenylalanine. The introduction of other side chains 
in place of that of phenylalanine leads to a progressively slower rate of 
hydrolysis, in the order tyrosine, leucine, isoleucine, alanine, glycine (24). 
More recent studies (25) have shown that tryptophan falls between ty- 
rosine and leucine in this series. When the nature of R is varied, and R’ 
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is kept the same, the substitution of the methylene group of glycine by 
the side chain of L-alanine or of L-glutamic acid leads to a decrease in the 
rate of hydrolysis (23), while the introduction of the side chain of L-tryp- 
tophan causes a 3-fold increase in the rate of enzyme action (25). 

It has been postulated (23) that the quotient of the rates of hydrolysis 
of two substrates differing only with respect to the R group is independent 
of the nature of the R’ groups, when these are identical in the two sub. 
strates compared. Support for this view has come from data published 
previously (23, 25) and it seemed of interest to determine whether the 


Taste II 
Action of Crystalline Carborypeptidase* on Synthetic Substrates 


Substrate concentration, 0.05 mm per cc. of test solution; pH 7.6 to 7.7 (0.1 » 
veronal buffer); temperature, 25°. 























Enzyme, | 
Substratet Rea bad | Kt C3 
solution 
| mg. | 
Carbobenzoxyglycyl-i-phenylalanine (26).. .....} 0.0003 0.0038 | 12.7 
Carbobenzoxyglycyl-L-tyrosine (27)..... sectsccssp WOOue | O.O0E ]) 7a 
Carbobenzoxyglycyl-L-methionine...................} 0.003 0.0036 | 1.2 
Carbobenzoxy-L-glutamyl!-u-phenylalanine (28).......| 0.006 0.0046 | 0.78 
Carbobenzoxy-L-glutamy!-L-methionine. . ‘avlexe ete a) aOR 0.0011 | 0.073 
Carbobenzoxy-L-methionyl-L-tyrosine................| 0.0006 | 0.0047 | 7.8 
Carbobenzoxy-L-methionyl-Lt-methionine............. 0.0015 | 0.0021 | 1.4 
Carbobenzoxyglycyl-p-methionine................... 0.015 0.0000 | 
* Four times crystallized preparation. 
+ The figures in parentheses are bibliographic reference numbers. 
1 100 
TK = —— log 10 — % erence (apparent first order constant; hydrolysis 
determined by titration of liberated carboxyl groups), 
§Cc= < (proteolytic coefficient (21)) 





ra mg. protein N per cc. test solution 


hypothesis would hold for peptides in which R or R’, or both, represented 
the side chain of methionine. 

It will be seen from Table II that the replacement of the side chain 
of phenylalanine in carbobenzoxyglycyl-L-phenylalanine (CGP) by that of 
methionine leads to a slower rate of hydrolysis, which is approximately 
one-tenth of that for CGP. A similar ratio is found on comparison of 
the rates of hydrolysis of carbobenzoxy-L-glutamyl-L-methionine and 
of carbobenzoxy-L-glutamyl-L-phenylalanine. Similarly, carbobenzoxy- 
glycyl-L-tyrosine (CGT) is hydrolyzed about 6 times as fast as carbobenz- 
oxyglycyl-t-methionine (CGM), and this quotient is also observed for the 
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relative rates of hydrolysis of carbobenzoxy-L-methionyl-L-tyrosine (CMT) 
and of carbobenzoxy-L-methionyl-t-methionine (CMM). Furthermore, 
comparison of the relative rates of hydrolysis of CGT and of CMT 
shows that the introduction of the methionine side chain as the R group 
does not alter the rate of carboxypeptidase action appreciably. This 
is the result also noted on comparison of the rates for CGM and CMM. 
It would appear, therefore, that the data on the methionine-containing 
substrates of carboxypeptidase are in general accord with the previous 
studies on the effect of substitution of side chain groups in substrates of 
this enzyme. 


TaBce III 
Action of Crystalline Pepsin* on Synthetic Substrates 
Substrate, 0.05 mM per cc. of test solution; concentration of pepsin, 1.2 mg. of 


protein N per cc. of test solution; pH 4.0 to 4.1 (0.2 m acetate buffer); temperature, 
38°. 











Substrate | Hydrolysis in 24 hrs.t 
ee — , = — | per wel. -s 
Carbobenzoxy-L-glutamy]-.-tyrosinet (28)§.... ~ seveel 51 
Carbobenzoxy-L-methionyl-L-tyrosinef......................44. | 35 
t-Methiony!-u-tyrosine........................ Jwiwdeset 25\| 





* Armour preparation. 
t Determination of liberated amino N by Van Slyke nitrous acid method. 

{ This substance was not completely in solution at the start of the experiment. 
§ Bibliographic reference number. 

| After 48 hours, tyrosine crystallized from the solution. 


In agreement with earlier studies on the antipodal specificity of car- 
boxypeptidase, carbobenzoxyglycyl-p-methionine was not split by this 
enzyme under the experimental conditions employed in this study. 

Action of Pepsin on Methionine Derivativee—Among the first synthetic 
substrates found for proteinases was carbobenzoxy-.L-glutamyl-L-tyrosine, 
which is hydrolyzed by crystalline pepsin at pH 4 with the formation of 
carbobenzoxy-L-glutamic acid and of L-tyrosine (28). It was shown that 
replacement, of the glutamy] residue by that of glycine (28) or of cysteine 
(29) did not abolish the enzymatic action. It was to be expected, there- 
fore, that CMT would also be hydrolyzed by pepsin, and this was found 
to be the case (cf. Table III). Of especial interest was the finding that 
I-methiony]l-L-tyrosine (MT) is hydrolyzed by crystalline pepsin. It has 
been shown by Harington and Pitt Rivers (29) that dipeptides such as 
L-cysteinyl-L-tyrosine are split by this enzyme, and they concluded that 
the previous views concerning the specificity of pepsin (18) required re- 
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vision. The fact that MT is a substrate for pepsin supports this eon. 
clusion, and emphasizes the necessity for a renewed study of the specificity 
of this enzyme. 

Action of Swine Kidney Extract on Methionine Peptides—A preliminary 
examination has been made of the hydrolysis of several methionine peptides 
by an aqueous extract of desiccated swine kidney cortex. The data in 
Table IV show that all the peptides of t-methionine tested were rapidly 
hydrolyzed by this enzyme preparation. It will be noted that the rates of 
hydrolysis of t-methioninamide (MA), L-methionylglycine (MG), and 


TABLE IV 
Hydrolysis of Methionine Peptides by Aqueous Extract of Swine Kidney Cortex* 
Substrate concentration, 0.05 mm per cc. of test solution; enzyme concentration, 


0.032 mg. of protein N per cc. of test solution; pH 7.4 to 7.8 (0.1 M veronal buffer 
temperature, 38°. 


Hydrolysis? 














Substratet No added activator + 0.001 wm MnSOQ, 
1 hr. | 2 hrs. i hr 2 hrs 
per cent | per cent per cent ber cent 
Lt-Leucinamide acetate (11) 5 15 15 50 
L-Methioninamide acetate 5 8 26 
L-Leucylglycine.......... 33 58 58 84 
L-Methionylglycine...... 17 37 55 84 
u-Leucylglycylglycine (30) . 20 4] 35 89 
L-Methionylglycylglycine. . . Fr es 6 13 21 56 
Glycyl-u-leucine............ ie at 49 
Glycyl-t-methionine....... 54 
L-Glutamyl-L-pheny slantas (31) 10 17 


u-Glutamyl-L-methionine...................... 17 | 30 





*2 gm. _ of detionnted on swine » kidney cortex (Viobin) were stirred with 20 ce. of 
water for 30 minutes at room temperature. The suspension was filtered by gravity 
and the filtrate was used for the enzyme experiments. 

+t The figures in parentheses are bibliographic reference numbers. 

t Determined by titration of liberated carboxyl groups. 


L-methionylglycylglycine (MGG) are accelerated by the addition of 0.001 
m MnSO,. For purposes of comparison, the action of the swine kidney 
extract on the corresponding derivatives of L-leucine is included in Table 
IV, and it will be seen that there is considerable similarity in the behavior 
of the two sets of compounds. As shown previously (32), the activation 
of t-leucine aminopeptidase by manganese ions is a time reaction; this 
is indicated in Table IV by the more rapid hydrolysis of the leucy! deriva- 
tives during the 2nd hour of the incubation period than at the start of 
the experiments. A similar result is noted for the hydrolysis of MA, MG, 
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and MGG. These findings raise the possibility that the side chain spec- 
ificity of swine kidney leucine aminopeptidase may not be as discriminat- 
ing as is indicated by the name assigned to this enzyme and that it can 
also hydrolyze peptides of L-methionine and of other amino acids. This 
question cannot be answered unequivocally, however, without further 
progress in the purification of the individual peptidases of swine kidney. 

Table IV also includes data on the hydrolysis of glycyl-t-methionine 
and of L-glutamyl-L-methionine by the swine kidney extract. The ob- 
served rates are similar to those noted for the comparable peptides in 
which the L-leucine residue has replaced that of L-methionine. 


EXPERIMENTAL 
u-Methionine Methyl Ester Hydrochloride—20 gm. (0.134 mole) of L- 
methionine ({a]2> = —21.0°; 2 per cent in 0.2 n hydrochloric acid) were 


suspended in 200 cc. of methanol and esterified with dry HCl in the usual 
manner. After removal of excess HCl] and of methanol under reduced 
pressure, there remained a solid residue which was recrystallized from | 
methanol-ether. Yield, 23 gm.; m.p., 151°. 


CsHuO:NSCI (199.7). Calculated, N 7.0; found, N 7.1 


p-Methionine Methyl Ester Hydrochloride—This compound was prepared 
from D-methionine ({a]? = +20.8°; 2 per cent in 0.2 n hydrochloric acid) 
in the same manner as the Lisomer. M.p., 149-150°. 


CsH uO2NSCI (199.7). Calculated, N 7.0; found, N 6.9 


pi-Methionine Methyl Ester Hydrochloride—This compound was pre- 
pared from pL-methionine in the same manner as the L isomer. M.p., 
109-111°. 


CsH uO2NSClI (199.7). Calculated, N 7.0; found, N 6.8 


Carbobenzoxy-L-methioninhydrazide—15 gm. (0.075 mole) of .i-methio- 
nine methyl ester hydrochloride were dissolved in 20 cc. of water and 200 
ce. of ethyl acetate were added. The free ester was formed by the addi- 
tion of an excess of a saturated potassium bicarbonate solution, and 15 
ce. of carbobenzoxy chloride were then added. The excess carbobenzoxy 
chloride was destroyed with pyridine, and the ethyl acetate layer was 
washed successively with water, dilute hydrochloric acid, and water, and 
dried over Na2SO,. Removal of the solvent in vacuo left an oil which was 
dissolved in 150 ce. of absolute ethanol, and to the solution were added 
5.7 ec. of hydrazine hydrate. The reaction mixture was left at room tem- 
perature for 56 hours, and the soiution was then concentrated under re- 
duced pressure, leaving a crystalline product which was recrystallized 
from methanol-water. Yield, 17.5 gm.; m.p., 110-112°. 
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Ci3HwO0;N;3S (297.4). Calculated, N 14.1; found, N 14.2 (Dumas) 


Carbobenzoxry-p-methioninhydrazide—This compound was prepared in the 
same manner as the L isomer. M.p., 110-112°. 


CisHiO3N3S (297.4). Calculated, N 14.1; found, N 14.0 (Dumas) 


Carbobenzoxy-pL-methioninhydrazide—This compound was prepared jin 
the same manner as the L isomer. M.p., 107-108°. 


Ci3sHiO3N 38 (297.4). Calculated, N 14.1; found, N 14.3 (Dumas) 


Carbobenzoxy-L-methioninamide—The syrupy carbobenzoxy-1-methio. 
nine methyl ester (from 4 gm. of L-methionine) was dissolved in 100 cg, 
of methanol previously saturated with dry ammonia at 0°. The solution 
was kept at room temperature for 60 hours, and then concentrated under 
reduced pressure, yielding a crystalline product which was recrystallized 
from ethanol-water. Yield, 5.7 gm.; m.p., 125°. 


Ci;3H303;N;8 (282.3). Calculated, N 9.9; found, N 9.9 


Carbobenzoxy-b-methioninamide—This compound was prepared in the 
same manner as the L isomer. M.p., 125°. 


Ci3H203N28 (282.3). Calculated, N 9.9; found, N 9.9 


Carbobenzoxy-pL-methioninamide—This compound was prepared in the 
same manner as the u isomer. M.p., 119-121°. 


CisH»O3N2S (282.3). Calculated, N 9.9; found, N 9.9 


L-Methioninamide Acetate—2 gm. (7.1 mm) of carbobenzoxy-t-methio- 
ninamide were dissolved in a mixture of 25 cc. of methanol and 1 ee. of 
glacial acetic acid, and were subjected to hydrogenolysis with palladium 
black as the catalyst. After 3 hours, the catalyst became inactive. The 
reaction mixture was decanted into a flask containing fresh palladium 
black, and the hydrogenolysis was continued for an additional 4 hours. 
The catalyst was then removed by filtration and washed with methanol 
and hot water. Concentration of the filtrate and washings in vacuo 
brought about the crystallization of unchanged carbobenzoxy-.-methio- 
ninamide (0.25 gm.) which was removed by filtration. The filtrate was 
concentrated to dryness, and the residue was recrystallized from hot ethyl 
acetate. Yield, 1.25 gm.; m.p., 103°. 


C;H«O:N28 (208.3). Calculated, N 13.5; found, N 13.5 


v-Methtoninamide Acetate—This compound was prepared in the same 
manner as the L isomer. M.p., 101—102°. 


C;HwO3N,S (208.3). Calculated, N 13.5; found, N 13.5 
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Carbobenzoxyglycyl-L~methionine—To a dry ethereal solution of carbo- 
benzoxyglycy! chloride (from 11.5 gm. of carbobenzoxyglycine) there were 
added at O° an ethereal solution of L-methionine methyl! ester (from 8.0 
gm. of the hydrochloride) and 75 ce. of a saturated aqueous solution of 
potassium bicarbonate. The mixture was shaken at 0° for 30 minutes, 
and then was left at room temperature for 1 hour (with occasional shaking). 
Pyridine was then added to destroy any remaining chloride. The ether 
layer Was separated and washed successively with water, hydrochloric 
acid, water, potassium bicarbonate solution, and water, and was then 
dried over Na,2SO,. After evaporaticn of the solvent under reduced pres- 
sure, an oily residue (8.4 gm.) remained which could not be crystallized. 
The oil was dissolved in 100 ce. of 95 per cent ethanol, and 25 cc. of N 
NaOH were added. After 30 minutes, the solution was acidified to pH 4 
with N hydrochloric acid and the ethanol was removed in vacuo. Upon 
chilling the solution, crystals were obtained. Yield, 7.2 gm. After re- 
crystallization from ethyl acetate-petroleum ether, the substance melted 
at 110-111°. 


CyuH»O3N2S8 (340.4). Calculated, N 8.2; found, N 8.1 


Carbobenzoxyglycyl-p-methionine—This compound was prepared in the 
same manner as the L isomer. M.p., 107-109°. 


CyH»O03N:S (340.4). Calculated, N 8.2; found, N 8.1 


Glycyl-L-methionine—680 mg. (2 mm) of carbobenzoxyglycyl-L-methio- 
nine were reduced with sodium in liquid ammonia by the procedure of du 
Vigneaud et al. (4). 0.15 ec. of methyl iodide was then added and the 
ammonia was allowed to evaporate. The dry residue was dissolved in a 
few cc. of water, and the selution was neutralized with hydrobromic acid. 
After filtration, the solution was concentrated to dryness in vacuo and 
the residue was taken up in 22 cc. of hot 95 per cent ethanol. Upon cool- 
ing the solution, and the addition of a few drops of pyridine, crystals were 
obtained. The crude product was recrystallized from 70 per cent ethanol. 
Yield, 250 mg.; m.p., 196° (brown), 199.5° (decomposition); {a]7 = —10.0° 
(2 per cent in water). Hess and Sullivan (2) report a melting point of 
140-145° for their preparation of this peptide. 


CHywO;N38. Calculated. C 40.8, H 6.8, N 13.6 
206.3 Found. = Mak). Geko Rae 


Glycyl-p-methionine—This peptide was prepared in the same manner 
astheL isomer. M.p., 196° (brown), 200° (decomposition); fa] = +9.1° 
(1.2 per cent in water). 


C;HyO;N,35. Calculated. 40.8, H 6.8, N 13.6 
206.3 Found. wand, « Go, tee 
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Carbobenzoxyglycyl-L-methioninamide—5 gm. of the oily carbobenzoxy. 
glycyl-L-methionine methyl ester were prepared as described above, and 
dissolved in methanol previously saturated with dry ammonia at 0°. The 
solution was kept at room temperature for 53 hours, and then the excess 
ammonia and the solvent were removed in vacuo. The semicrystalline 
residue was recrystallized from ethyl acetate-petroleum ether and then 
from ethanol-water. Yield, 3.5 gm.; m.p., 131-134°. 


CyH2aOi.N38 (339.4). Calculated, N 12.4; found, N 12.3 


Glycyl-L-methioninamide Acetate—1 gm. of carbobenzoxyglycyl-L-meth- 
ioninamide was dissolved in a mixture of 15 ec. of methanol and 0.5 ec. 
of glacial acetic acid and was subjected to hydrogenolysis with palladium 
black as the catalyst. After 2 hours, the catalyst was removed by filtra- 
tion and was washed with hot water. The combined filtrate and wash- 
ings were concentrated in vacuo and the residue was dissolved in a small 
volume of methanol. Upon the addition of ethyl acetate, 0.6 gm. of the 
product was obtained. M.p., 108-110°. Recrystallization from ethyl 
acetate did not change the melting point. 


CsH»~OiN 38 (266.3). Calculated, N 15.8; found, N 15.8 


Carbobenzoxy-L-methionylglycine Ethyl Ester—5 gm. (16.8 mM) of car- 
bobenzoxy-L-methioninhydrazide were suspended in 40 cc. of water and 
dissolved by the addition of 5 ec. of glacial acetic acid and of 3 cc. of con- 
centrated hydrochloric acid. The addition of 1.25 gm. of sodium nitrite 
(in 7 cc. of water) at 0° gave the semicrystalline azide which was extracted 
with ice-cold ether. The ether layer was washed at 0° with water, po- 
tassium bicarbonate solution, and water, dried over NagSQ,, and added to 
an ethereal solution of glycine ethyl ester (prepared from 10 gm. of the 
hydrochloride). The reaction mixture was kept at room temperature 
for 20 hours and then was washed with dilute hydrochloric acid, water, 
potassium bicarbonate solution, and water, and dried over Na:SQy. Re- 
moval of the solvent under reduced pressure gave a crystalline product 
which was recrystallized from ether-petroleum ether. Yield, 3.2 gm.; 
m.p., 938-95°. 


CyvH»0;N.2S8 (368.4). Calculated, N 7.6; found, N 7.7 


Carbobenzoxy-p-methionylglycine Ethyl Ester—This compound was pre- 
pared in the same manner as the Lt isomer. M.p., 93-95°. 


CrHx»O;N:2S8 (368.4). Calculated, N 7.6; found, N 7.5 


Carbobenzoxy-pi-methionylglycine Ethyl Ester—This compound was pre- 


pared in the same manner as the L isomer. M.p., 72-74°. 


CyHuaOsN2S (368.4). Calculated, N 7.6; found, N 7.6 
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Carbobenzoxy-L-methionylglycine—2.06 gm. (5.6 mm) of the ester were 
dissolved in 35 ec. of methanol and 6.16 cc. of N NaOH (10 per cent excess) 
were added. The solution was kept at room temperature for 45 minutes, 
adjusted to pH 5 with n hydrochloric acid, and concentrated under re- 
duced pressure. The resulting product was recrystallized from hot water. 
Yield, 1.65 gm.; m.p., 130-131°. 


CisHxO.N2S (340.4). Calculated, N 8.2; found, N 8.2 


Carbobenzoxy-p-methionylglycine—This compound was prepared in the 
same manner as the L isomer. M.p., 129-130°. 


CisH»OsN2S (340.4). Calculated, N 8.2; found, 8.3 


Carbobenzoxy-pL-methionylglycine—This compound was prepared in the 
same manner as the L isomer. M.p., 141-143°. 


C\sH»OsN:S (340.4). Calculated, N 8.2; found, 8.1 


t-Methionylglycine—500 mg. of carbobenzoxy-L-methionylglycine were 
dissolved in 15 cc. of methanol and subjected to hydrogenolysis in the 
presence of palladium black. After 3 hours, the catalyst was removed by 
filtration and washed on the filter with hot water. The combined filtrate 
and washings were concentrated under reduced pressure and the residue 
was recrystallized from water-ethanol. Yield, 200 mg.; m.p., 182-183° 
(decomposition); [a] = +86.8 (2 per cent in water). 


C;HuO;N28. Calculated. C 40.8, H 6.8, N 13.6 
206.3 Found. ** 40.8, ‘* 6.7, ‘* 13.4 


p-Methionylglycine—This compound was prepared in the same manner 
as the L isomer. M.p., 181° (decomposition); [a]2> = —88.0° (1.1 per 
cent in water). 


C;HvO;:N.8S. Calculated. C 40.8, H 6.8, N 13.6 
206.3 Found. “i, ** 6S.. 15 


pi-Methionylglycine—This compound was prepared in the same manner 
as the L isomer. M.p., 210° (decomposition). 


C;HyO;N.28. Calculated. C 40.8, H 6.8, N 13.6 
206.3 Found. * om” 125 Ae 


Carbobenzoxy-L-methionylglycinamide—1.1 gm. (3 mm) of carbobenzoxy- 
L-methionylglycine ethyl ester were dissolved in 50 cc. of methanol pre- 
viously saturated with dry ammonia at 0°. The solution was kept at 
room temperature for 2 days, and then the excess ammonia and the sol- 
vent were removed in vacuo, yielding an oily residue which was partitioned 
between water and ether. The ether layer was dried over Na,SO, and 
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concentrated under reduced pressure. The residue was recrystallized from 
ethyl acetate-petroleum ether. Yield, 200 mg.; m.p., 120-122°. 


CiH2:0.N;3S (339.4). Calculated, N 12.4; found, N 12.5 


Amide of 5-[2-(Methylthiol)ethyl|hydantoin-3-acelic Acid—The aqueous 
layer obtained in the preparation of carbobenzoxy-L-methionylglycina- 
mide was concentrated to dryness in vacuo, and the residue was recrystal- 
lized from acetone-ether. Yield, 550 mg.; m.p., 138.5-139.5°. 


C3H,;0;N;S. Calculated. C 41.5, H 5.7, N 18.2 
231.3 Found. 37, “ee, Te 


Amide of 5-Isobutylhydantoin-3-acetic Acid—5 gm. of carbobenzoxy-t- 
leucylglycine ethyl ester (19) were dissolved in 75 cc. of methanol pre- 
viously saturated with dry ammonia at 0°. The solution was kept at 
room temperature for 4 days, and then was concentrated under reduced 
pressure. The resulting product was recrystallized from alcohol. Yield, 
2.8 gm.; m.p., 183-184°. 

CsH3O:N;3. Calculated. C 50.7, H 7.1, N 19.7 
213.2 Found. “00.5, “1.05 “ 19a 


Carbobenzoxy-a-L-glutamyl-L-methionine Methyl Ester—4 gm. of 
carbobenzoxy-L-glutamic acid anhydride (13) were added in small por. 
tions to an ethereal solution of t-methionine methyl ester (from 5.3 gm. 
of the hydrochloride). A reaction product began to separate before all 
of the anhydride had been added. The mixture was kept at room tem- 
perature for 3 hours, with intermittent shaking, and then the crystalline 
product was collected and dried (3 gm., Crop A). The filtrate was washed 
successively with water, dilute hydrochloric acid, and water, and dried 
over NaSQ,. The solvent was removed in vacuo, yielding an oil which 
soon crystallized (2.9 gm., Crop B). Crop B was recrystallized from 
ethyl acetate-petroleum ether and again from ethano!-water. M.p., 114 
115°. 

CywH2O;N28 (426.5). Calculated, N 6.6; found, N 6.5 

Carbobenzoxry-a-L-glutamyl-L-methionine—1.02 gm. (2.4 mm) of the 
methyl ester were saponified by shaking with 5 cc. of Nn NaOH for 
15 minutes. The resulting solution was adjusted to pH 4 with n hydro- 


chloric acid, yielding an oil which soon crystallized. Yield, 0.99 gm. 
After recrystallization from hot water, the product melted at 135-136°. 


CyHwO;N.S (412.5). Calculated, N 6.8; found, N 6.7 


a-L-Glutamyl-L-methionine—400 mg. of the carbobenzoxy peptide were 
dissolved in 15 cc. of methanol and subjected to hydrogenolysis in the 
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presence of palladium black. Inactivation of the catalyst prevented com- 
pletion of the reaction. After 6 hours, the catalyst was removed by 
filtration and washed on the filter with hot water. The combined filtrate 
and washings were concentrated in vacuo toa small volume. ‘The solution 
was chilled, and the unchanged material (150 mg.) was removed by filtra- 
tion. The filtrate was evaporated nearly to dryness, and the peptide 
was precipitated by the addition of absolute ethanol. Yield, 120 mg. 
After recrystallization from water-ethanol, the substance melted at 163- 
166°; [«]2> = + 18.8° (1.1 per cent in water). 

CioH sOsN2S. Calculated. C 43.2, H 6.5, N 10.1 

278.3 Found. ** 43.4, “ 6.5, “ 10.0 


Carbobenzoxy-L-methionyl-L-methionine Methyl Ester—An ethereal solu- 
tion of carbobenzoxy-t-methioninazide (from 5 gm. of the hydrazide) 
was added to an ethereal solution of t-methionine methyl ester (from 8 
gm. of the hydrochloride). The reaction mixture was worked up as in the 
case of carbobenzoxy-L-methionylglycine ethyl ester. Yield,4 gm. After 
recrystallization from ethyl acetate-petroleum ether, the substance melted 
at 98°. 


CyH»OsN2S2 (428.6). Calculated, N 6.5; found, N 6.5 


Carbobenzoxy-L-methionyl-L-methionine—3 gm. of the ester were dissolved 
in 60 cc. of methanol and 7.7 cc. of N NaOH were added. After 30 minutes, 
the solution was acidified to pH 4 with n hydrochloric acid and the methanol 
was removed in vacuo. The product which separated was dissolved in 
ethyl acetate, from which it was extracted with an aqueous potassium 
bicarbonate solution. The bicarbonate solution was acidified, and the 
resulting crystalline material was recrystallized from ethyl acetate-pe- 
troleum ether. Yield, 1.7 gm.; m.p., 118-120°. 


CisH»OsN3S, (414.5). Calculated, N 6.8; found, N 6.7 


u-Methionyl-Lt-methionine—828 mg. of carbobenzoxy-L-methionyl-L- 
methionine were reduced with sodium in liquid ammonia. After a 
persistent blue color had been obtained, 0.3 cc. of methyl iodide were 
added, and the ammonia was allowed to evaporate. The dry residue was 
dissolved in 5 ce. of water, the solution was neutralized with hydrobromic 
acid, and then concentrated in vacuo. The addition of ethanol and ether 
gave a product which was recrystallized twice from 75 per cent ethanol. 
Yield, 220 mg.; m.p., 224-226.5° (decomposition); [a]??> = +26.5° (2 per 
cent in water). 


C10H20O2N Sz. Caleulated. C 42.8, H i py > N 10.0 
280.4 Found. oe 9, 75; " Os 
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Carbobenzoxy-L-methionyl-L-methioninamide—1.0 gm. of carbobenzoxy. 
t-methiony]l-L-methionine methyl ester was dissolved in 80 cc. of methanol 
previously saturated with dry ammonia at 0°. The solution was kept at 
room temperature for 68 hours and then was concentrated in vacuo. The 
solid residue was recrystallized from hot 90 per cent ethanol. Yield, 
0.7 gm.; m.p., 196°. 


CisHwOiN S82 (413.5). Calculated, N 10.2; found, N 10.2 


Carbobenzoxy-L-methionyl-L-tyrosine Ethyl Ester—To an ethyl] acetate 
solution of carbobenzoxy-L-methioninazide (from 2.97 gm. of the hydrazide) 
there was added an ethyl acetate solution of L-tyrosine ethyl ester (from 
7.4 gm. of the hydrochloride). The mixture was worked up in the same 
manner as in the reaction of the azide with glycine ethyl ester. Yield, 
2.5 gm.; m.p., 109-111°. 


CuHsOcsN2S (474.6). Calculated, N 5.9; found, N 6.0 


Carbobenzoxy-L-methionyl-L-tyrosine—1.1 gm. of the ester were dissolved 
in 25 cc. of methanol and 5.5 cc. of N NaOH were added. After 30 minutes, 
the reaction mixture was acidified to pH 4 with n hydrochloric acid, and 
the methanol was removed in vacuo. The oily product which separated 
was dissolved in ethyl acetate and extracted with an aqueous potassium 
bicarbonate solution. The bicarbonate solution was acidified, and the 
resulting crystalline product was recrystallized from ethanol-water. Yield, 
0.67 gm.; m.p., 137—138.5°. 


Ca2H»OcN.8 (446.5). Calculated, N 6.3; found, N 6.1 


L-Methionyl-L-tyrosine—660 mg. of carbobenzoxy-L-methionyl-.L-tyro- 
sine were dissolved in 15 cc. of methanol and hydrogenated with pal- 
ladium black as the catalyst. The peptide separated out during the 
reaction, and was dissolved by the addition of hot water. The catalyst 
was filtered off, and the filtrate was concentrated in vacuo to a small vol- 
ume, whereupon the peptide crystallized. Ethanol was added to dissolve 
any unchanged material. Yield, 0.4 gm.; m.p., 260-266° (decomposition); 
[a] = +18.6° (2.1 per cent in 0.2 n hydrochloric acid). 


CyuH2oON2S. Calculated. C 53.8, H 6.5, N 9.0 
312.4 Found. "8, 65, * 83 


Carbobenzory-L-methionylglycylglycine Ethyl Ester—To an ethereal solu- 
tion of carbobenzoxy-t-methioninazide (from 6 gm. of the hydrazide) 
there was added an ethyl acetate solution of glycylglycine ethyl ester 
(from 10 gm. of the hydrochloride). Crystallization of the coupling 
product began at once. After 20 hours, the reaction mixture was filtered, 
and the filtrate was worked up as in the case of carbobenzoxy-L-methiony!- 
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glycine ethyl ester. The total yield was 6.5 gm. After recrystallization 
from ethyl acetate-petroleum ether, the substance melted at 131-133°, 


CywHwOgN;S (422.5). Caleulated, N 9.9; found, N 9.8 


Carbobenzoxy-L-methionylglycylglycine—2.5 gm. of the ester were dis- 
solved in 50 cc. of warm methanol, and 6 cc. of N NaOH were added. 
After 30 minutes, the solution was acidified to pH + with n hydrochloric 
acid and the methanol was removed under reduced pressure. The crys- 
tals which separated upon chilling the solution were recrystallized from 
hot water. Yield, 2.0 gm.; m.p., 137-138°. 


CyH2.06N,8 (394.4). Calculated, N 10.6; found, N 10.4 


t-Methionylglycylglycine—800 mg. of carbobenzoxy-L-methionylglycyl- 
glycine were dissolved in a mixture of 17 cc. of methanol and 0.5 ce. of 
glacial acetic acid and hydrogenated with palladium black as the catalyst. 
Inactivation of the catalyst prevented completion of the reaction. After 6 
hours, the catalyst was removed by filtration and washed with methanol 
and hot water. The filtrate and washings were concentrated to about 1 
ec. in vacuo, and the peptide was precipitated by the addition of 10 ce. of 
95 per cent ethanol. Yield, 375 mg. After two recrystallizations from 
water-ethanol, the substance melted at 208-209° (decomposition), and 
had a rotation of [a]s> = +-73.1° (1.9 per cent in water). 


CoHvOwN;3S8. Calculated. C 41.1, H 6.5, N 16.0 
263.3 Found. 41.8, “ 6.6, * Tee 


oq 

Carbobenzoxy-u-threonine Methyl Ester—An ethyl acetate solution of 
i-threonine methyl ester (from 2 gm. of L-threonine) was treated with 3.5 
cc. of carbobenzoxy chloride in the presence of an aqueous potassium 
bicarbonate solution. The excess chloride was destroyed with pyridine 
and the ethyl acetate layer was washed successively with water, dilute 
hydrochloric acid, and water, and dried over Na,SO,;. The ethyl acetate 
solution was concentrated in vacuo, and the resulting product was re- 
crystallized from ethyl acetate-petroleum ether. Yield, 3.0 gm.; m.p., 
89-91°, 


Ci;sH1O;N (267.3). Calculated, N 5.2; found, N 5.1 


Carbobenzoxry-L-threoninamide—2.9 gm. of the ester were dissolved in 50 
ce. of methanol previously saturated with dry ammonia at 0°. The solu- 
tion was kept at room temperature for 48 hours, and then was concen- 
trated in vacuo, yielding an oil which was crystallized from ethyl acetate- 
petroleum ether. Yield, 2.6 gm. This crude product was dissolved in 
ethyl acetate and the solution was washed with dilute hydrochloric acid 
and water, and dried over NasSQ,y. Upon evaporation of the solvent 
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in vacuo, there was obtained a crystalline product which was recrystallized 
from ethyl acetate-petroleum ether. In the melting point tube, the com. 
pound decomposed on slow elevation of the temperature, but if the bath 
were preheated to 70° before insertion of the tube, and the temperature 
raised rapidly, the substance melted sharply at 82-83°. 


CisHsO.N2 (252.3). Calculated, N 11.1; found, N 10.9 


The authors wish to acknowledge with thanks the valuable technical 
assistance of Miss P. Elizabeth Driscoll and of Miss Mary E. Mycek. 


SUMMARY 


1. The following peptides of methionine have been synthesized: glycyl- 
L- and p-methionine, L- and p-methionylglycine, a-L-glutamy]-L-methio- 
nine, L-methionyl-L-methionine, Lt-methionyl-L-tyrosine, and L-methionyl- 
glycylglycine. In addition, there have been prepared a number of peptide 
derivatives containing L- and p-methionine residues. 

2. Carbobenzoxy-L-methioninamide has been found to be a sensitive 
substrate for papain and ficin, as judged by a comparative study of the 
action of these enzymes on an extensive series of acylamino acid amides, 

3. The action of crystalline carboxypeptidase on acylated dipeptides 
containing t-methionine residues has been investigated, and the results 
are in general agreement with earlier conclusions concerning the influence 
of structural changes in substrates for this enzyme on their relative rates 
of hydrolysis. 

4. Crystalline pepsin hydrolyzes carbobenzoxy-L-methiony]-L-tyrosine 
and t-methionyl-L-tyrosine at pH 4. 

5. The action of aqueous extracts of desiccated swine kidney cortex 
on several peptides of t-methionine has been examined, and, as in the 
case of the hydrolysis of ut-leucyl peptides, the enzymatic hydrolysis of 
L-methionyl peptides was found to be markedly activated by manganese 
ions. 
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4 METHOD FOR THE COLORIMETRIC DETERMINATION OF 
CALCIUM AND MAGNESIUM IN SMALL AMOUNTS OF 
URINE, STOOL, AND FOOD* 

By GEORGE D. MICHAELS, CARL T. ANDERSON, SHELDON MARGEN, 
AND LAURANCE W. KINSELL 
(From the Division of Medicine, University of California Medical School, and the 
Metabolic Research Unit, United States Naval Hospital-University of California 

Medical School, Oakland and San Francisco) 


(Received for publication, April 4, 1949) 


This report presents a method for the quantitative determination of 
magnesium and calcium in a single specimen of urine, stool, and food by 
formation and colorimetric determination of their respective phosphates. 
The method makes use of some of the principles advanced by Roe and Kahn 
(1) for determination of serum calcium, and by Denis (2) for serum mag- 
nesium. Phosphorus determinations are performed by the method of 
Fiske and Subbarow (38). 


Principle 


The principle involved relates to the conversion of magnesium and cal- 
cium to their phosphates; determination of the total phosphate (Mg + Ca); 
precipitation of the calcium as oxalate, and of the magnesium (after sepa- 
ration) aS magnesium ammonium phosphate. The calcium is then redis- 
solved and reprecipitated as calcium phosphate. Both phosphates are 
then determined, and should equal the total phosphate above noted. 

Reagents— 

. Phosphorus reagents (Fiske and Subbarow (3)). 

. 5 per cent ammonium phosphate (secondary) solution. 

. Ammonium hydroxide, c.p., 28 per cent. 

20 per cent sodium acetate solution. 

. 2.5 per cent oxalic acid. 

. Aleohol wash containing 25 ml. of 5 per cent ammonium chloride, 
100 ml. of ammonium hydroxide, 200 ml. of 95 per cent ethyl alcohol, 
15 ml. of amyl alcohol, and 160 ml. of distilled water. 

7. 1:4 dilution of concentrated hydrochloric acid. 

8. 1:50 dilution of 28 per cent ammonium hydroxide. 

9. Indicator (methyl orange, pH range 3.1 to 4.4). 
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Method 
Calcium and Magnesium Analysis of Urine 


1. To a 15 ml. conical centrifuge tube add 10 ml. of well shaken urine 
2 drops of methyl orange, concentrated hydrochloric acid dropwise, to 
a red color, and | ml. of 5 per cent ammonium phosphate slowly with 
shaking. 

2. Add 2 ml. of ammonium hydroxide (28 per cent), mix, and let stand 
for at least 1 hour. 

3. Centrifuge, decant, and wash the precipitate three times with 5 ml, 
of alcohol wash. 

4. Dissolve the precipitate with 0.5 ml. of 1:4 hydrochloric acid and 
wash quantitatively into a 10 ml. volumetric flask, bring to volume with 
distilled water, and mix. 

5. 1 or 2 ml. of this are then used for total phosphate determination, 

6. 5 ml. of the aliquot from item (4) are taken and 1 ml. of 2.5 per cent 
oxalic acid is added, as well as a drop of methyl orange. Sodium acetate 


solution is then added slowly until the pH is approximately 4.0; 7.e., until ' 
the indicator just turns from red to orange. The mixture is then allowed | 


to stand for 4 hours or more for the complete precipitation of the calcium 
oxalate. This assures complete calcium precipitation and magnesium 
solution (pH below 5.0 and above 2.5), as shown by Washburn and Shear 
(4). 

7. The precipitate of calcium oxalate is then centrifuged and washed 
twice with 3 ml. of 2 per cent ammonium hydroxide. The supernatant and 
the washings are saved for the magnesium determination. 

8. The calcium oxalate precipitate is dissolved in 0.5 ml. of 1:4 hydro- 
chloric acid and 5 ml. of water. 0.5 ml. of 5 per cent ammonium phosphate 
and 2 ml. of ammonium hydroxide are added and mixed to reprecipitate 
the calcium as the phosphate. After allowing this to stand for 1 hour or 
more, it is centrifuged and the precipitate washed twice with the alcohol 
wash. (The 40 per cent alcohol wash will not precipitate phosphates of 
sodium, potassium, and ammonium.) The precipitate is then dissolved 
with 0.5 ml. of 1:4 hydrochloric acid and the entire amount or a portion 
may be used for the phosphorus determination, depending upon the 
amount of calcium present. 

9. To the supernatant and the washing from the above, 0.5 ml. of 
ammonium phosphate solution and 2.0 ml. of strong ammonia are added 
and allowed to stand for 1 hour or longer. This precipitate (magnesium 
ammonium phosphate) is centrifuged and washed twice with 5 ml. of 
alcohol wash and then redissolved in 1:4 hydrochloric acid. Phosphate 
analysis is then performed upon (1) the total phosphate from step (5), 
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(2) the calcium phosphate from step (8), (3) the magnesium ammonium 
phosphate from step (9). 

Actual phosphate determinations are performed by the method of Fiske 
and Subbarow, as previously noted. Colorimetry is performed with any 


TABLE I 


Calcium-Phosphorus and Magnesium-Phosphorus Ratios in Aqueous Solutions 
Containing Known Amounts of Calcium 














uitinn No. | Ca added P recovered | Ca:P | Mg added P recovered Mg:P 
i . - meg. | mg. mg. 

l |} 0.278 | 0.167 1.63 | 0.512 0.654 0.783 

2 | 0.273 0.168 1.62 | 0.512 | 0.654 0.783 

3 0.546 0.336 1.62 1.025 1.293 0.792 

4 | 0.546 0.336 1.62 | 1.025 1.308 0.783 

5 | 0.819 0.501 | 1.63 | 1.536 1.982 0.775 

6 | 0.819 0.50 | 1.62 | 1.536 1.962 0.783 

7 | 3.075 3.914 | 0.785 

8 3.075 3.974 | 0.774 

Average .....-.-2.06 | ee 4 | | 0.782 

TaBLeE II 


Predicted and Actual Phosphorus Recovery in Aqueous Solutions, Containing 
Known Amounts of Calcium and Magnesium 
With the factors noted in Table I, excellent correspondence is obtained between 
predicted and actual values. 








Calculated P 





| 
Specimen No | Caadded | Mg added | Ca X12 + | a, | see 
| mg. mg. me. | 

] 0.273 0.512 0.821 0.820 100.0 
2 0.273 0.512 0.821 0.815 99.3 
3 0.546 1.025 1.642 1.631 99.3 
‘ 0.546 1.025 1.642 1.639 99.8 
5 0.819 1.536 2.463 2.453 99.6 
6 0.819 


1.536 2.463 | 2.458 | 99.8 





standard photoelectric colorimeter, having a green filter with an approxi- 
mate spectral range of 500 to 570 mu. 
Calcium and Magnesium Analysis of Food and Stool 


Stool and food are dry-ashed for a minimum of 12 hours at a tempera- 
ture of 500-600°. 
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The amount of ash derived from 2 gm. of dry stool or food is dissolye 
in 5 ml. of warm 1:4 hydrochloric acid. This solution is made up to 5p 
ml. with distilled water in a volumetric flask. The procedure thereafte 
is as described for urine, except that the size of the aliquot will vary with 
the calcium and magnesium concentration. Best results are obtained with 
a final phosphorus concentration of 0.3 to 0.8 mg. per 100 ml. 

Calculation (See Below for Derivation)—Mg. of calcium = mg. of phos. 
phorus X factor 1.62; mg. of magnesium = mg. of phosphorus X factor 
0.782. 

Analysis of Known Calcium-Magnesium Solutions 


Since silicates are known to interfere with the phosphorus determination. 
we have avoided the use of strong bases in the conversion of calcium 


TABLE III 


Recovery of Added Calcium and Magnesium from Pooled Urine, by Use of Ca:P and 
Mg:P Factors from Table I 


Recovery Total Total Recovery 


Ca Mg Ca re- | Mg re- ca. | +o Actual P 


added _ added _ covered, covered aes RE = 


Ca Mg | culated covered: Calculated P 
meg. de. ; mg. mg. | pogo poagen Py m a ; per “a 
Urine 293) 0.485) 1.408 
<i + Ca 0.546 .849) 0.480) 100.6, 98.9) 1.744, 1.745 100.0 
s + Mg 0.512) 1.293) 0.992; 100.0' 99.4, 2.062, 2.081 100.9 


“+t & + © | 0.819, 1.025; 2.132) 1.500) 100.9, 99.3) 3.217; 3.249, 100.9 
«+ “ + “| 0,546 1.025, 1.819; 1.518 98.9 100.5) 3.052 3.079 = 100.8 


1 
1 
l 
“ + Ca + Mg 0.546 0.512, 1.839 0.998 100.0; 100.0, 2.398 2.400 100.0 
: ; 2 i 
] L. 


and magnesium to their phosphates. Ammonium hydroxide, being a 
weak base, does not form silicates and does form a compound or compounds 
having a constant caleium-phosphorus ratio of 1.62:1, as shown in Table 
I. The magnesium to phosphorus ratio is 0.782:1.! This would indicate 
the formation of magnesium ammonium phosphate, whereas, in the case 
of calcium, apparently an equal mixture of tricalcium phosphate and 
ammonium calcium phosphate results. Analysis of known mixtures of 
calcium and magnesium in distilled water gave rise to the above ratios. 
Recovery of total phosphates ranged from 100 to 99.3 per cent, as shown 
in Table II. 

A second experiment similar to the one just described was performed 
upon previously analyzed pooled urine to which were added known quan- 
tities of calcium and magnesium. The data are recorded on Table IIL. 
Calcium and magnesium are recovered quantitatively. 


1 The magnesium standard was prepared as described by Jones (5). 
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Table IV shows the comparisons of the calcium values on food, urine, 
and stools by McCrudden’s method (6) and the one here described. 

Considerable variation is noted in some instances. It is worthy of 
emphasis that, as shown in Table IV, values obtained by the method herein 
described are reproducible. 

To date 209 urinalyses, thirty-two diet analyses, and forty-nine stool 
analyses have been performed in duplicate in this laboratory by the method 
reported. Low variability is a consistent finding. 


























TABLE IV 
Calcium Determination in Food, Stool, and Urine; Comparison of Two Methods 
. | McCrudden’s aie || Phosphate | trecteot 
yo om | or es Pree | | a | Pepe 
| | 
{00 mi. | $00 mt. | ™& | S00. | 106 ial. | me. 
Food | Amigen 0.458 | 0.440; 18 | 0.444/0.440) 4 
| Milk 1 | 0.114 | 0.112 2 | 0.102 | 0.102 | 
RS. 0.118 | 0.115 3 | 0.117/ 0.116) 1 
| Blended food| 0.019 | 0.019 0 | 0.021} 0.021! 0 
| Veal | 0.017 | 0.018 1 | 0.011 | 0.011; 0 
| Beef | 0.008 | 0.007 1 | 0.009} 0.009; 0 
| | 4 kes. | Sa bes. | Sa brs. | Za bes. | 
Urine | Sm | 0.102 | 0.100 2 | 0.098) 0.097; 1 
| Pa 0.123 | 0.122 1 | 0.125 0.124 | 1 
| Ma, | 0.074 | 0.072 2 | 0.082} 0.082| 0 
| Mas | 0.073 | 0.072 1 | 0.072 | 0.072 | 0 
Stool | Sm | 0.651 | 0.623 28 | 0.676 | 0.673 3 
| Pa | 1.866 | 1.834 32 | 1.854 | 1.854 0 
| Ma | 1.410 | 1.410 | 0 | 1.370] 1.370] 0 
| Mas 1,120 | 1.034 | 86 | 1.010} 1.002} 8 
SUMMARY 


1. The determination of calcium phosphate, magnesium phosphate, and 
combined phosphate, as described, provides a constant check of the accur- 
acy of the procedure in terms of loss of material; it does not provide a check 
on the magnesium-calcium separation. Therefore, proper control of pH 
is essential, as noted above. 

2. Initial precipitation of calcium and magnesium in the presence of an 
excess of phosphate, and in the absence of strong alkali eliminates inter- 
fering substances such as sulfates and silicates, as suggested by Fiske and 
Logan (7) and Roe and Kahn (1). 

3. The simplicity and accuracy of the method commend its use, particu- 
larly when multiple urine and stool determinations or small amounts of 
material are required, as in the case of metabolic studies generally. 
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THE EFFECT OF METHANOL ON THE HYDROLYSIS OF 
ACETYL-t-TYROSINAMIDE BY CHYMOTRYPSIN* 


By SEYMOUR KAUFMANt ann HANS NEURATH 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, April 1, 1949) 


In recent studies on the kinetics and specificity of chymotrypsin several 
new peptide and ester substrates were introduced (2-5). Some of these 
were relatively insoluble in aqueous salt solutions but sufficiently soluble 
in methanol-water mixtures to enable the determination of enzymatic 
hydrolysis in the presence of 20 or 30 per cent methanol. Measurements 
of the rate of hydrolysis of two representative substrates, 7.e. glycyl-L- 
tyrosinamide (GTA) and benzoyl-t-tyrosine ethyl ester (BTEE), have 
shown that at constant initial substrate concentration the apparent pro- 
teolytic coefficient,! C, decreased logarithmically with increasing methanol 
concentration, up to about 35 per cent methanol (3). 

As an extension of these observations, the effect of methanol on both 
steps of the postulated two-step reaction mechanism of enzymatic re- 
actions (3, 7, 8) has now been determined. These two rate-contributing 
steps, previously considered, are (1) the reversible formation of the en- 
szyme-substrate complex, (ZS), and (2) its conversion into the activated 
complex, (ES)*. While additional, intermediate steps may exist,? their 
consideration does not seem to contribute profitably to the interpretation 
of the present analyses. 

The substrate chosen for this investigation was acety]l-L-tyrosinamide 
(ATA) which is hydrolyzed faster than GTA; the even more susceptible 
substrate benzoyl-L-tyrosinamide (BTA) is appreciably soluble only in 
30 per cent methanol. 


EXPERIMENTAL 


Substrate—Acety]-L-tyrosinamide was synthesized from acetyl-L-tyrosine 
ethyl ester (3, 9) by dissolving the ester in absolute methanol and saturat- 
ing it with dry ammonia gas at 0°. The clear solution was allowed to 


*A preliminary account of this work was included in a recent publication (1). 

t Postdoctoral Fellow of the United States Public Health Service, National 
Institutes of Health. 

' Defined as the first order reaction constant, calculated from decimal logarithms, 
per mg. of enzyme N per cc., at constant initial substrate concentration (6). 


*Bull, H. B., and Currie, B. T., to be published. Private communication from 
Dr. H. B. Bull. 
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stand at room temperature for 2 days and then concentrated under re. 
duced pressure. White crystals were obtained. M.p. 222-224°. 


Calculated, N 12.6; found, N 12.4 


Enzyme—The preparation of chymotrypsin was the same as that pre. 
viously described (2, 3). 

Methods—All experiments were performed at 25° in a solution con. 
taining phosphate buffer of pH 7.8 which, if necessary, was fortified with 
LiCl to a total ionic strength of 0.292. Because of the limited solubility 
of the buffer salts in aqueous methanol, the total phosphate concentration 
was decreased within the range of 0.1 m to 0.079 m as the methanol con. 
centration was increased from 0 to 20.8 volumes per cent. The proper 
amounts of LiCl were added to maintain the ionic strength at the constant 
level. Since the substrate was only difficultly soluble in aqueous solu- 
tions, supersaturated solutions were prepared which remained stable for 
more than 6 hours. Blank determinations for each experiment indicated 
that none of the amide had been hydrolyzed under these conditions, A 
weighed amount of substrate was heated in buffer solution until it was 
completely dissolved, and after cooling, made up to volume with buffer, 
The calculated amount of absolute methanol was then added, followed by 
the addition of a known, small volume of a freshly prepared solution of 
chymotrypsin. 

Rates of hydrolysis were determined by measuring the liberated am- 
monia with the modified Conway method (2). Enzyme concentrations 
were adjusted so as to yield about 70 per cent hydrolysis in about 80 to 


90 minutes. Nitrogen analyses were carried out with the semimicro- 
Kjeldahl] method. 


Results 


In accordance with previous analyses (3, 8), the present data were 
evaluated in terms of K,, and k’, where K,, is the equilibrium constant 
for the reversible formation and disappearance of the stable enzyme- 
substrate complex, (ES), and k’ the specific rate constant for the for- 
mation of the activated complex, (ZS)*, from (ES). Ky» is measured 
in moles of substrate per liter, and k’ in moles of substrate per liter hy- 
drolyzed per minute per mg. of enzyme N per cc.’ These constants were 
obtained from a plot of the equation (10) 

1 Ke 1 1 


1 An 7 (1) 
v Vmax. @ + Vmax. 








$$ 


3k’, is the specific rate constant, in sec.~!, and is related (3) to k’ by k's = kX 
(molecular weight of chymotrypsin)/(60 X 6.25). 
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where a is the initial substrate concentration in moles per liter, v the in- 
‘tial velocity expressed as moles per liter hydrolyzed during the initial 0 
minute period, and Vmax. the maximum velocity prevailing when all of 
the enzyme is tied up in the enzyme-substrate complex. Accordingly, 
re- Vnax,/) = k’e, where e is mg. of enzyme N per cc. Initial velocities were 

determined by extrapolation from the linear first order reaction plots to 
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tant. Fie. 1. A plot of equation (1) for the determination of K,, and k’ for the chymo- 
me- tryptic hydrolysis of ATA in aqueous methanol solutions. The straight lines, in 
for- order of increasing slopes, refer to solutions containing 0, 8.33, 15.0, and 20.8 volumes 
ual per cent of methanol, respectively. For detailed conditions of the experiments, see 
the text. 

hy- 

were 


which all measurements adhered at constant initial substrate concentration. 

At constant solvent composition and constant enzyme concentration, 
Measurements in four different substrate concentrations, ranging from 
about 0.01 to 0.03 m, were performed to determine the slopes and inter- 
= cepts of the straight lines which result from a plot of equation (1). These 
kX results are shown in Fig. 1 which demonstrates that the ordinate inter- 
cept'is practically independent of solvent composition, whereas the slopes 
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increase as methanol concentration is increased. Vmax. and k’ wor 
evaluated by plotting a rearranged form of equation (1), i.e. a/v versus q 
The results are given in Table I in which the calculated values for C,,,, 








TABLE I 
Hydrolysis of Acetyl-L-tyrosinamide by Chymotrypsin in Relation to Methanol 
Concentration 
Methanol Enzyme x... Rk’ jie ® 
vol. per cent M | mg. N perce. | 10-2 M ws 
0 0 0.141 3.26 2.72 3.9 
8.33 2.08 0.140 4.06 3.16 3.1 
15.0 3.74 0.155 5.69 2.89 2.2 
20.8 5.17 0.167 8.06 2.89 1.6 
Average....| 2.90 
+0.12 


* Defined by equation (2). 





the maximum proteolytic coefficient (8), are also included. These were 
calculated from the relation (8) 


‘ad 
Cmax. = 23Km 


DISCUSSION 


The data shown in Fig. 1 and Table I demonstrate clearly that, in the 
present enzyme-substrate system, the addition of methanol to the sdl- 
vent does not affect k’, the rate constant for the formation of the activated 
complex (ES)* from its stable precursor. This finding suggests that the 
change in the activity of water by the addition of methanol is not a rate- 
limiting factor. 

Although the plots shown in Fig. 1 resemble those characteristic of 
competitive inhibition of enzymatic reactions (10, 11), the phenomenon 
described herein is of a different nature. Visual inspection of the rela- 
tive slopes and actual calculations reveal that the apparent enzyme 
inhibitor dissociation constant, K;, considering methanol as the inhibitor, 
decreases markedly as methanol concentration increases, instead of re- 
maining independent of the latter. 

A more likely explanation of the present findings is that methanol, 
by virtue of its lowering effect on the dielectric constant of the solvent, 
affects the rates of formation, ki, and of dissociation, kz, of the complex 
(ES), as represented by equation (3). The calculated dielectric constants 
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(12) vary from about 78.5 for water to 70.6 for the highest methanol con- 
centration which was investigated (20.8 volumes per cent, 1.¢. 5.17 M). 


ky .? 
E + S ——— (ES) —-—> (ES)* --- (3) 
ky 


Kn, the enzyme-substrate equilibrium constant, is related to the rate 
constants (8), ki, ke, and k’, by 


Kk, = -—— (4) 


Since in the above equation k’ remains constant, no direct or reciprocal 
proportionality between K,, and methanol concentration is to be ex 











. = 5 uaa of 


MOLAR METHANOL 


Fig. 2. A plot showing the linear relations between 1/K, (O) and Cmax. (@), 
respectively, and methanol concentration (moles per liter). For a definition of 
K, and Cmax., See equations (1) and (2) and the text. 


pected. However, inspection of the data reveals 1/K, to be a linear 
function of methanol concentration, as shown in the upper plot of Fig. 2. 
This. linearity can only obtain if k» is likewise independent of methanol 
concentration or if this quantity is negligibly small as compared to k’ 
(13). The latter of these alternative interpretations is more realistic, 
since it is unlikely that a change in dielectric constant has an unidirec- 
tional influence on an equilibrium. It follows from these interpretations 
that, in the present system, Kn = k’/ki; 7.e., the enzyme-substrate equi- 
librium constant is merely dependent on the relative rates of formation 
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and disappearance of (ZS). It also follows that hk; decreases with de. 
creasing dielectric constant of the solvent, and that the maximum pro- 
teolytic coefficient, Cmax., defined by equation (2), is simply ky. Acconi. 
ingly, Cmax. should be directly proportional to methanol concentration, 
and it actually is, as shown in the lower plot of Fig. 2.4 In accordance 
with expectations (8), it was also found that the concentration depen- 
dence of first order reaction constants at constant solvent composition 
decreases as methanol concentration is increased.’ 

The linear decrease of k; with decreasing dielectric constant of the 
medium may offer some clue to the nature of the forces involved in specific 
enzyme-substrate interaction. The rates of interaction between oppo- 





sitely charged ions, or between ions and neutral molecules, generally in. 
crease as the dielectric constant of the medium is lowered. It is only | 


for interaction between ions of like sign of charge, or between dipolar 
molecules forming a polar product, that the rates decrease as the dielectric 
constant decreases (14). A decision between the latter alternative has 
to await studies on the influence of ionic strength on reaction rates of the 


present system, which should yield qualitatively different results for in- } 
teraction between ions of like sign of charge and for the interaction be- 


tween dipoles (14). However, since the present substrate is an uncharged 
dipole, specific interaction with a dipolar grouping of the active centers 
on the enzyme surface could lead to an ionized product if protons or hy- 
droxyl ions are simultaneously taken up from the solvent. Experiments 
to be published elsewhere® indeed suggest that chymotryptic hydrolysis 
of specific peptide and ester substrates involves the transfer of hydroxyl 
ions from solution to the enzyme-substrate complex. 


This work has been supported by grants from the National Institutes 
of Health, United States Public Health Service, and from the Rocke- 
feller Foundation. 


* Provided that the linear relations shown in Fig. 2 also apply to higher concen- 


trations of methanol, these lines extrapolate to K,— © or k, — 0 at about 8.9 m 
methanol, equivalent to a dielectric constant of about D = 64.5. The significance 
of this extrapolation remains to be elucidated. 

‘It was previously reported (3) that at constant initial substrate concentration, 
log C for the chymotryptic hydrolysis of GTA and of BTEE was a linear function of 
methanol concentration. Although at an initial concentration of 0.033 m ATA, log 
C was also linearly related to methanol concentration, a linear relation of C fitted the 
data equally well, in contrast to similar plots for GTA and BTEE, which were dis- 
tinctly curvilinear. The present interpretation of k; <k’ may, therefore, be char- 
acteristic for the specific substrate, ATA, but not generally applicable to all sub- 
strates for a given enzyme. 

* Snoke, J. E., and Neurath, H., manuscript in preparation. 
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SUMMARY 


The effect of methanol on the chymotryptic hydrolysis of acetyl-L- 
tyrosinamide was investigated and analyzed in terms of the two-step re- 
action mechanism previously described. It was found that the rate of 
activation of the stable enzyme-substrate complex was independent of 
methanol concentration, within the range of 0 to 20.8 volumes per cent 
of methanol. In contrast, the enzyme-substrate equilibrium constant, 
K,, increased with increasing methanol concentration. 

Analysis of the kinetic data has led to the conclusion that in the present 
system the rate of dissociation of the enzyme-substrate complex into re- 
actants is negligibly small as compared to the rate of activation, and that 
methanol, by virtue of its lowering effect on the dielectric constant of 
the medium, lowers the rate of combination of free enzyme and substrate. 
Tentative conclusion on the nature of the forces involved in enzyme- 
substrate combination have been formulated. 
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STUDIES ON THE EFFECT OF THYROID AND METHYL- 
THIOURACIL ON THE GLUCOSE TOLERANCE TEST 
IN NORMAL AND SCORBUTIC GUINEA PIGS 


Br SACHCHIDANANDA BANERJEE anp NARESH CHANDRA GHOSH 
(From the Department of Physiology, Presidency College, Calcutta, India) 


(Received for publication, January 8, 1949) 


Patients with hyperthyroidism often have high fasting blood sugar levels 
and glucose tolerance curves of a diabetic type. These become normal 
after thyroidectomy (1-7). The glycogen content of the liver of rats is 
decreased when experimental hyperthyroidism is produced (8). Prina 
(9) has shown that intraperitoneal injection of thiouracil causes a definite 
increase in the glycogen content of the liver of guinea pigs. Sure and Theis 
(10) have reported that if a toxic dose of thyroxine is fed to rats the vitamin 
C content of the adrenal, thymus, and kidney is greatly reduced. Demole 
and Ippen have observed (11) that the loss in weight of guinea pigs after 
injection of thyroxine can be prevented by increasing the dose of vitamin 
¢. A large dose of ascorbic acid promotes the general vitality and improves 
the appearance of guinea pigs on a thyroid diet (12). Monetti (13) has 
observed that administration of a non-toxic dose of thyroxine enhances the 
course of scurvy in animals on the same diet without the hormone. Lewis 
(14) has reported that in thyrotoxic patients the excretion of vitamin C 
is below normal and becomes normal after thyroidectomy. It has been 
observed by us (15) that scorbutic guinea pigs show a diminished glucose 
tolerance, diminished glycogen content of the liver, and diminished insulin 
content of the pancreas. It was therefore of interest to ascertain whether 
or not the metabolism of the thyroid gland is also interfered with during 
the development of scurvy. In the present paper studies of the effects of 
feeding desiccated thyroid gland and methylthiouracil on the glucose toler- 
ance of both normal and scorbutic guinea pigs are presented. 


EXPERIMENTAL 


Healthy, male, growing guinea pigs, varying between 300 and 380 gm. in 
weight, were fed six different diets for a period of 3 weeks. The diets were 
(1) the scorbutic diet only (16); (2) the scorbutic diet containing 1 per cent 
methylthiouracil; (3) the scorbutie diet with 0.05 per cent desiccated thy- 
toid;! (4) the scorbutic diet with a daily supplement of 5 mg. of ascorbic 
acid per animal; (5) the scorbutic diet with methylthiouracil and a daily 

'Desiccated thyroid tablets, Parke, Davis and Company, were used. 0.05 per 
cent refers to desiccated thyroid gland. 
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supplement of vitamin C; and (6) the scorbutic diet with thyroid and a daily 
supplement of vitamin C. The oral test for glucose tolerance was per- 
formed on the 22nd day in all the animals according to the method de. 
scribed previously (17). The results are given in Table I. 


TABLE | 
Glucose Tolerance Test in Guinea Pigs on Different Diets 
The results are given in mg. per cent. 





j Pei he , 
haiti Fasting Blood sugar after feeding glucose 
| cea ode ee ser 
45 min. “90 min. “135 min. 180 min. 


lamers et fr 


Scorbutic diet only (8) 150 + 2.2)326 + 23. 9333 + 22.4306 + 31. 1251 + 37. 
sy + methyl- 151 + 10.7/298 + 23. 5316 + 31.2) 303 + 24.4266 + 37.2 
thiouracil (8) 
Scorbutic + thyroid (8) |151 + 5.3331 + 3.41317 + + 17.0251 + 17.9210 + 16.4 
«4 vitamin C |132 + 5.4279 + 11.7/251 + 17.2194 + 14.9196 + 4) 
(8) | 
Scorbutic + vitamin C |121 + 5.7 (261 + 10.8 256 + 8.2196 + 12.6146 + 14.9 
and methylthiouracil 
(7) | | 
Scorbutic + vitamin C 147 + 5.5271 + 10.5262 + 17.3210 + 20.2170 + 33.9 
and thyroid (8) | 


| } 
| 








* The figures in the parentheses indicate the number of animals i in the group. 


SUMMARY 


1. The types of glucose tolerance curves for each of the three groups of 
guinea pigs which received the scorbutic diet, the scorbutic diet with 
methylthiouracil, and the scorbutic diet with thyroid were more or less 
similar. This indicated that the deficient utilization of glucose observed 
in animals on the scorbutic diet only was not affected by either hypo- or 
hyperthyroidism. 

2. The blood sugar level, 3 hours after feeding glucose to guinea pigs 
receiving thyroid gland and vitamin C, was significantly higher than that 
of the control animals receiving no thyroid gland. This indicated that 
hyperthyroidism lowers the carbohydrate tolerance in guinea pigs. 

3. Methylthiouracil, however, had no effect on the glucose tolerance test, 
which showed that carbohydrate tolerance is not altered in hypothyroid 
guinea pigs. 

4. The altered carbohydrate metabolism observed in scorbutic guinea 
pigs is, therefore, not due to either hypo- or hyperthyroidism. 


We are indebted to Hoffmann-La Roche, Inc., for the supply of ascorbic 
acid, to May and Baker (India), Ltd., for methylthiouracil, and to the 
Indian Research Fund Association for a research grant. 
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ENZYMATIC HYDROLYSIS OF SATURATED AND 
UNSATURATED TRIPEPTIDES 
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JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, March 1, 1949) 


Previous studies on the relative rates of enzymatic hydrolysis by rat 
tissue extracts of analogous saturated and unsaturated dipeptides revealed 
the generally greater susceptibility of the L form of the former type of 
substrate (1). Thus, in the presence of liver preparations, glycyl-L-pheny]l- 
alanine was hydrolyzed about 150 to 250 times faster than either glycyl- 
p-phenylalanine or glycyldehydrophenylalanine. In the case of certain 
pairs of analogous compounds, such as chloroacetyl-pt-phenylalanine and 
chloroacetyldehydrophenylalanine, the t form of the saturated peptide 
was rapidly attacked, whereas the p form and the dehydropeptide were 
apparently completely resistant. 

It was considered of interest to extend these comparison studies to an- 
alogous saturated and unsaturated tripeptides. The saturated tripeptides 
have two peptide bonds, and the unsaturated tripeptides have one acyl 
peptide bond and one terminal dehydropeptide bond. In the case of tri- 
peptides containing a racemic amino acid, four peptide bonds may be con- 
sidered to coexist in the same substrates. We have therefore laid chief 
emphasis in this study on determining the maximum hydrolysis, under 
nearly identical conditions, of various related substrates after prolonged 
incubation periods in the presence of concentrated aqueous extracts of hog 
orrat kidney. In addition, a few rate studies have been made on selected 
substrates. 

In the case of the dehydropeptides, the hydrolysis was followed either by 
measurement of the ammonia formed or by ultraviolet spectrophotometry 
(2), and therefore only the cleavage of the dehydropeptide bond was 
noted. There is little doubt, however, that, in the susceptible unsaturated 
tripeptides, both saturated and unsaturated peptide bonds are hydrolyzed. 
The enzymatic hydrolysis of the saturated dipeptides and tripeptides was 
followed by the manometric CO, procedure with ninhydrin; and therefore 
the cleavage of all susceptible peptide bonds in the substrates was noted.1 


* Research Fellow, National Cancer Institute; on leave from The Hebrew Uni- 
versity of Jerusalem. 


'The dehydropeptides yield on hydrolysis not only ammonia but also the corre- 
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A number of analogous and isomeric peptides were prepared in order to 
interpret adequately the enzymatic data. 


EXPERIMENTAL 
Substrates? 


The following compounds were prepared as described: glycyldehydro. 
alanine (3), glycyl-t-alanine (4), glycyl-p-alanine (4), glycyl-p1-alanine 
(5), chloroacetyldehydroalanine (3), chloroacetyl-L-alanine (4), chloro. 
acetyl-p-alanine (4), chloroacetyl-pL-alanine (5), acetyldehydroalanine 
(6, 7), acetyl-pL-alanine (4), glycyldehydrophenylalanine (8), glycyl-p,. 
phenylalanine (9), chloroacetyldehydrophenylalanine (8), chloroacety]-pt- 
phenylalanine(9), acetyldehydrophenylalanine (10), acetyl-pL-phenylalanine 
(11), acetyldehydroleucine (12), acetyl-pi-leucine (4), sarcosyldehydro- 
alanine (13), sarcosyldehydrophenylalanine (14), chloroacetylglycylde. 
hydroalanine (14), glycylglycyldehydroalanine (14), chloroacetylgly- 
cyldehydrophenylalanine (15), glycylglycyldehydrophenylalanine (15), 
chloroacetyldehydrophenylalanylglycine (8),° glycyldehydrophenylalgny!- 
glycine (8),? chloroacetylsarcosyldehydroalanine (13), pu-alanylglycine (16), 
pi-phenylalanylglycine (17), glycylglycine (18), glycylglycylglycine (19), 
chloroacetylglycine (20), chloroacetylglycylglycine (20), chloroacetyl-pt- 
leucine (16), chloroacetylsarcosine (21), glycylsarcosine (21),‘ glycyl-p1- 
leucine (16), pu-leucylglycine (16), and pu-leucinamide (22). All the 








sponding a-keto acids. Measurement of the hydrolysis of the saturated peptide 
bond in the tridehydropeptides by the ninhydrin procedure in the presence of ap- 
preciable amounts of a-keto acids presents considerable difficulty because of the 
small but variable amounts of carbon dioxide produced by decomposition of the 
keto acids (23). 

? Many chloroacetylated amino acids and peptides do not crystallize from the 
reaction mixture after acidification with HCl. In such cases we have extracted 
the mixture several times with ethyl acetate, dried the combined extracts briefly 
over sodium sulfate, and evaporated the solvent at low temperature and pressure. 
The residue was washed several times with dry petroleum ether and finally treated 
with dry ether at —10°. The product invariably crystallized. 

3 The absorption spectrum in the ultraviolet of these compounds at 5 X 10° 
concentration in water was practically identical with that of glycyldehydropheny)- 
alanine or other aromatic dehydropeptides with an absorption maximum at 2750 A 
and molar extinction coefficient of 18,000 (13, 34). 

‘ Our preparation possessed a melting point of 214° (uncorrected). Found C 40.8, 
H 7.2, N 18.8; calculated C 41.1, H 6.9, N 19.1 per cent. Levene et al. (21) reported 
a melting point of 200-201°. This lower melting point value might have been due 


to traces of ammonium chloride, for we have found that several recrystallizations . 


from hot water-alcohol are necessary to free the peptide from this salt. The melt- 
ing point of the preparation of glycylsarcosine made by the carbobenzoxy method 
by Bergmann ef al. was 220° (corrected) (35). 


compou 


ammon. 

Sarco 
40° witl 
3 days, 
taken 1 





pH 5.0 
crystal 
peptide 
Saree 
the use 
191°; 


| chlorid 
needles 


- etyl. ct 
 agnee 


Chie 
chloric 

_ needle 
Gly 

in 10: 


N fou 

Chl 
chlorc 
as pri 

Gly 
phen 
24 ho 
Mp. | 


chlor 
meth 
Gh 


14.9, 











yr to 





FODOR, PRICE, AND GREENSTEIN 195 


compounds were recrystallized and characterized; the chloroacetylated com- 
pounds were free from chloride ions, and the aminated compounds free of 
ammonia and chloride. 

Sarcosyl-pL-alanine—1 mole of chloroacetyl-pu-alanine was treated at 
4° with 8 moles of methylamine in a 25 per cent aqueous solution. After 
3 days, the solution was evaporated to a syrup in vacuo. The syrup was 
taken up in a small volume of water, treated with glacial acetic acid to 
pH 5.0, and a large volume of absolute alcohol was added. The product 


crystallized in long prisms. On recrystallization from water-alcohol the 
| peptide melted at 182°. N found 17.3, calculated 17.5 per cent. 


Sarcosyl-pL-phenylalanine—This compound was prepared as above by 


| theuse of chloroacetyl-pL-phenylalanine and methylamine. Prisms. M.p. 


191°; N found 11.5, calculated 11.8 per cent. 

Chloroacetylglycyl-L-alanine—From glycyl-L-alanine (4) and chloroacetyl- 
chloride in NaOH solution. Recrystallized from absolute methanol as 
needles. M.p. 167°; N found 12.6, calculated 12.6 per cent. 


[alp = —42.7° (for 0.74% solution in water) 


Chloroacetylglycyl-p-alanine—From glycyl-p-alanine (4) and chloroac- 
eyl chloride in NaOH solution. Recrystallized from absolute methanol 
asneedles. M.p. 167°; N found 12.3, calculated 12.6 per cenit. 


[a]> = +42.4° (for 1.09% solution in water) 


Chloroacetylglycyl-pt-alanine—From glycyl-pt-alanine and chloroacetyl 
chloride in NaOH solution. Recrystallized from absolute methanol as 
needles. M.p. 163°; N found 12.4, calculated 12.6 per cent. 

Glycylglycyl-pL-alanine—By amination of chloroacetylglycyl-pL-alanine 
in 10 times the volume of 28 per cent ammonia water for 24 hours at 40°. 
Recrystallized three times from water-alcohol. Long prisms. M.p. 228°; 
N found 20.5, calculated 20.7 per cent. 

Chloroacetylglycyl-pu-phenylalanine—From glycyl-pi-phenylalanine and 
chloroacetyl chloride in NaOH solution. Recrystallized from ethyl alcohol 
asprisms. M.p. 151°; N found 9.2, calculated 9.4 per cent. 

Glycylglycyl-p-phenylalanine—By amination of chloroacetylglycyl-pL- 
phenylalanine in 10 times the volume of 28 per cent ammonia water for 
% hours at 40°. Recrystallized twice from water-alcohol as long prisms; 
m.p. 242°; N found 14.8, calculated 15.1 per cent. 

Chloroacetyl-pL-phenylalanylglycine—From pu-phenylalanylglycine and 
thloroacetyl chloride in NaOH solution. Recrystallized from absolute 


methanol as long needles. M.p. 180°; N found 9.1, calculated 9.4 per cent. 


Glycyl-pi-phenylalanylglycine—By amination of chloroacetyl-pL-pheny]- 
ilanylglycine as above. Prisms from water-aleohol. M.p. 235°; N found 


14.9, calculated 15.1 per cent. 
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Chloroacetylsarcosyl-pL-alanine—From sarcosyl-pL-alanine and chloroge. 
etyl chloride in NaOH solution. Needles from absolute alcohol, Mp. 
138°; N found 11.4, calculated 11.8 per cent. Attempts to aminate this 
compound, in the hope of obtaining glycylsarcosyl-pt-alanine, were yp. 
successful. 

Glycylsarcosyldehydroalanine—Attempts to aminate chloroacetylsarcogy). 
dehydroalanine by use of aqueous ammonia were unsuccessful (13), 4 
good preparation, however, was obtained by amination in ammoniaca| 
absolute methanol. 10 gm. of chloroacetylsarcosyldehydroalanine (13) 


were dissolved in 100 cc. of absolute methanol which had been saturated | 
at 0° with dry ammonia gas. After standing 5 hours at room temperature, | 
the solution was evaporated in vacuo to a white solid mass which was taken | 


up in hot water and treated with hot absolute alcohol in excess. The 


dehydropeptide was recrystallized twice more from water-alcohol 4s _ 


glistening prisms. Yield 38 per cent. M.p. 161°. Found C 41.2, H. 68, 
N 17.6 per cent; calculated for compound with 1 mole of crystal water 
C 41.2, H 6.9, N 18.0 per cent. When dried for 4 hours at 78° and 1 mn. 
pressure of mercury, the compound lost 7.5 per cent in weight; calculated 
for 1 mole of crystal water 7.7 per cent.® 


Chloroacetyl-pL-alanylglycine—Prisms from absolute methanol. My, | 


146°; N found 12.4, calculated 12.6 per cent. 


Glycyl-pL-alanylglycine—By amination of the above in aqueous ammonia. 


Prisms from water-alcohol. M.p. 242°; N found 20.6, calculated 207 
per cent. 











Chloroacetyl-pi-leucylglycine—Needles first from absolute methanol and | 


then from water. M.p. 144°; N found 10.5, calculated 10.6 per cent. 
Chloroacetylglycyl-pu-leucine—Needles first from absolute methanol and 
then from water. M.p. 160°; N found 10.6, calculated 10.6 per cent. 


Glycylglycyl-pL-leucine—By amination of the above in aqueous ammonia. 


Prisms from water-alcohol. The compound did not melt when heated up 
to 240°. When heated at 78° and 1 mm. pressure of mercury for 4 hours, 
the compound lost 6.5 per cent in weight; calculated for 1 mole of crystal 
water 6.8 per cent. N found 17.1, calculated 17.1 per cent. 

Glycyl-pi-leucylglycine—By amination of chloroacetyl-pL-leucylglycine 
in aqueous ammonia. Prisms from water-alcohol. The compound did 
not melt when heated to 240°. When heated at 78° and 1 mm. pressure of 
mercury for 4 hours, the compound lost 6.6 per cent in weight; calculated 
for 1 mole of crystal water 6.8 per cent. N found 17.0, calculated 17.1 per 
cent. 


‘The absorption spectrum in the ultraviolet of this compound at 1.7 X 10x 
concentration in water was practically identical with that of glycyldehydroalanine 
or other aliphatic dehydropeptides with an absorption maximum at 2400 A and molar 
extinction coefficient of 4450 (3, 13). 
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Chloroacetyl-N -methyl-pL-alanine—1 mole of a-chloropropionic acid was 
treated with 10 moles of 33 per cent methylamine solution for 2 days at 40°. 
Thesolution was evaporated to a syrup in vacuo, taken up in a small amount 
of water, treated with glacial acetic acid to pH 5.0, and finally treated with 
the 10-fold volume of absolute alcohol. After standing for 24 hours at 
_10°, the N-methyl-pt-alanine was filtered, washed with alcohol, and re- 
crystallized from water-alcohol. Yield 44 per cent. N found 13.5, cal- 
«lated 13.6 per cent. On chloroacetylation in the usual manner with 
chloroacety! chloride in NaOH solution, chloroacety!-N-methyl-DL-alanine 
was obtained in 64 per cent yield. Long needles from hot absolute alcohol. 
M.p. 82°; N found 7.8, calculated 7.8 per cent. 

Glycyl-N-methyl-pL-alanine—By amination of the above compound in a 
10-fold volume of 28 per cent aqueous ammonia for 3 days at 40°. After 
evaporation of the ammonia solution tn vacuo, the residue was taken up in 
the minimum amount of cold water and treated with an excess of alcohol. 
On standing 1 week at —10°, long prisms separated. Yield 28 per cent. 
The product was recrystallized from hot water-alcohol. M.p. 155°; found 
(45.0, H 7.8, N 17.3, calculated C 45.0, H 7.5, N 17.5 per cent. 

Chloroacetyl-pL-leucinamide—2.6 gm. of pu-leucinamide were dissolved 
in 15 ec. of water and chilled. The amide was then chloroacetylated in 
the usual manner with 2.6 gm. of chloroacetyl chloride, and 10 ce. of 
2n NaOH were added alternately with shaking and with chilling. The 
product which crystallized during the reaction was filtered at the pump 
and washed with cold water. It was recrystallized from the minimum 
amount of absolute methanol from which it separated as flat plates. 
M.p. 155°; found C 46.5, H 7.6, N 13.3, calculated C 46.5, H 7.3, N 13.5 
per cent. 


Enzymatic Procedure 


The digests were composed of 1 cc. of either hog or rat kidney aqueous 
extract (prepared by grinding the tissue with sand, taking up the paste in 
distilled water, and lightly centrifuging), 1 cc. of 0.15 m borate buffer at 
pH 8.0 or 1 cc. of 0.07 m phosphate buffer at pH 7.2, and 1 ce. of either 
water or neutralized substrate solution. A concentration of 0.05 m was 
employed for the racemic substrates, and 0.025 m for all the others. The 
concentration of extract and the period of incubation at 37° were varied to 
suit the criterion of nearly maximum hydrolysis. No activators were em- 
ployed at this time with the crude extract preparations. In all cases the 
determinations were continued either until (a) the hydrolysis had practi- 
cally reached an end-point, (b) the titer was so negligible as to raise doubt 
as to whether any hydrolysis at all had occurred, or (c) until the hydrolysis 
of relatively resistant bonds in certain substrates was measurable but so 
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slow as to render impracticable further incubation of the digest. The 
longest period of incubation for any substrate was 8 hours.® 

The hydrolysis of the dehydropeptides, with the exception of that of 
glycylsarcosyldehydroalanine, was measured in terms of the ammonia pro- 
duced in the digests (2). The hydrolysis of glycylsarcosyldehydroalanine 
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Fic. 1. Hydrolysis of glycylsarcosyldehydroalanine at 37°. The digests con- 
sisted of 1 cc. of hog kidney aqueous extract equivalent to 660 mg. of fresh tissue, 
2 ec. of 0.15 m borate buffer at pH 8.1, and 1 ec. of 0.025 m substrate. The reaction 
was followed spectrophotometrically at 2400 A; the cells were used with a 1 em. 
path. O,substrate solution in the presence of the buffer. 


could not be readily measured by this procedure, for, unlike all the other 
dehydropeptides studied, this compound was unstable in the presence of 
the saturated potassium carbonate solution employed for the aeration of 
the evolved ammonia. The alternative spectrophotometric procedure was 


6 It is probable in several instances that, had the incubation period been extended 
well beyond the period chosen, the relatively resistant bonds would have been com- 
pletely hydrolyzed, and perhaps even those apparently completely resistant bonds 
in certain substrates might have been at least measurably attacked. It is some- 
times judicious, however, to set some sort of a limit to what an enzyme might rea- 
sonably be expected to do, and we are reluctant to ascribe authentic enzymatic 
activity to a reaction which, under otherwise optimum conditions, requires an undue 
amount of time. We have generally set, as the lower limit of enzymatic activity 
in hydrolytic reactions involving the saturated or unsaturated peptide bond, a rate 
value of 0.1 um of substrate hydrolyzed per hour per mg. of protein N. Any apparent 
rate of cleavage less than this we consider dubious. Since relatively dilute ex- 
tract concentrations and short incubation periods were used with highly susceptible 
racemic substrates from which p-amino acids were hydrolyzed, no concern over 
oxidase action on these latter acids was taken. The quantitative carboxy! nitrogen 
titer in such digests confirmed the lack of appreciable oxidase action. 
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therefore employed to follow the hydrolysis of this substrate (progressive 
decrease in absorption at 2400 A) (2); (Fig. 1). The hydrolysis of the 
saturated peptides was measured in terms of the CO, evolved during the 
ninhydrin procedure of Van Slyke et al. (23). 

All the determinations were corrected for extract and substrate blanks. 
Under the conditions used, the latter were usually quite negligible. The 
liberation of each amino acid from the optically active peptides and of 
ammonia from the dehydropeptides gives rise to 25 um of COOH-N and 
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Fig. 2. Hydrolysis of glycyl-pt-phenylalanylglycine at 37°. The digests con- 
sisted of 1 ec. of rat kidney aqueous extract equivalent to 33 mg. of fresh tissue, 1 
ec. of 0.15 m borate buffer at pH 8.1, and 1 cc. of either water or 0.05 m substrate 
solution. 


of NH;-N respectively. Thus, the complete hydrolysis of glycylglycyl- 
bi-alanine and of glycylglycyldehydroalanine yields 150 um of COOH-N 
and 25 um of NH;-N respectively. The procedure is illustrated by the 
hydrolysis of glycyl-pL-phenylalanylglycine given in Fig.2. A maximum of 
100 um of COOH-N is liberated from 50 yuo of this substrate. It may be 
presumed that the glycyl-t-phenylalanylglycine component of the race- 
mate is completely hydrolyzed, accounting for 75 um of COOH-N, while 
the other 25 um are derived by hydrolysis of the acyl glycine from glycyl- 
b-phenylalanylglycine. The residual p-phenylalanylglycine is relatively 
resistant to enzymatic hydrolysis (see below). 


Results 


The effect of pH on the enzymatic hydrolysis of several types of satu- 
rated and unsaturated peptides is described in Figs. 3 and 4. The pH 
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P H 
Fia. 3. Effect of pH on hydrolysis of dehydropeptides at 37°. The digests con- 
sisted of 1 cc. of hog kidney aqueous extract, 2 cc. of buffer, and 1 cc. of either water 
or 0.025 m neutralized substrate. X, chloroacetylglycyldehydroalanine, ©, gly- 
cyldehydroalanine, @, chloroacetyldehydroalanine. Extract concentrations were 
adjusted for each substrate so as to yield a linear rate of hydrolysis. The verona! 
buffer was used below pH 8.0, the glycine-NaOH buffer above pH 8.0. 
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pH 
Fic. 4. Effect of pH on hydrolysis of saturated peptides at 37°. Experimental 
conditions were similar to those described in Fig. 3, except that 0.05 m neutralized 
substrate solutions and only 1 cc. of buffer were used. 0, chloroacetylglycyl-pi- 
alanine, @, glycyl-pi-alanine, ©, chloroacetyl-pr-alanine, A, chloroacetyl-DL- 
alanylglycine. The curve for chloroacetylglycine resembles that for chloroacetyl- 
pL-alanine. 
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activity curve for chloroacetyldehydroalanine is similar to that obtained 
in rat liver digests (14), and is quite different in shape from that obtained 
with chloroacetyl-pL-alanine. The dehydropeptide is hydrolyzed to nearly 
the same extent from pH 6.5 to 9.0. The analogous saturated peptide is 


TaBLeE I 


Action of Concentrated Hog Kidney Aqueous Extract on Analogous Saturated and 
Unsaturated Peptides at — Maximum H ydroly ysis 





Peptide b bonds 





| Extract | Incuba- aS 
Substrate concen- tion 22s 

| tration | period | 293 |Available| Hydro 

‘weeny 

| Pe hrs. | pM 
Glyeyldehydroalanine...................... 50 | 1 24 
IN, 6.60% 6 6 esa vasned eee nen noes | 23 | 9 50 jis Pa, 
I, 25 9:5 os cua Petr hi I CR e sa 50 1 1 
Chloroacetyldehydroalanine................ . oa 4 25 
Chloroacetyl-L-alanine..................... | 0.1 1 25 1 1 
Chloroacetyl-p-alanine..................... | 2.1 8 oO Po 
Acetyldehydroalanine...................... | 2.1 | 4 24 CO 
Acetyl-pu-alanine.................. ete. | 0.2 | 2 25 2 1 
Glyeyldehydrophenylalanine...............} 2.1 1 25 
Glyeyl-pu-phenylalanine................... | 2.3 4 | 100 2 2 
Chloroacetyldehydrophenylalanine.........; 2.3 8 0 
Chloroacetyl-pi-phenylalanine............. 0.7 | 2 25 F~'F-y 
Acetyldehydrophenylalanine.............. | oe a 0 
Acetyl-pi-phenylalanine................... | 3.8 | 4 25 a fa 
Acetyldehydroleucine...................... | 3.9 | 6 0 
Acetyl-pt-leucine...... eee ra ee | 0.3 | 1 25 Tn 
Sarcosyldehydroalanine*......... ope eet io 24 | 
Sarcosyl-pi-alanine*.............. ere 4 100 a" g 
Sarecosyldehydrophenylalanine*.......... a 4 2: 
Sarcosyl-pL-phenylalanine*................. | 3.47 4 100 2 | 2 
Chloroacetylglycyldehydroalanine..........| me 8 2 | 
Chloroacetylglycyl-t-alanine...............) 2.2 | 4 50 2 2 
og haere aie SAC ee eT | 4 0 2 | 0 
Glyeylglycyldehydroalanine . Soe ye ae 1.0 1 25 
Glycylglycyl-pi-alanine................... 2.1 2 150 4 | 4 
Chloroacetylglycyldehydrophenyl: ilanine... 2.4 8 0 
Chloroacetylglycyl-pi-phenylalanine......., 2.4 4 50 4 2 
Glyeylglycyldehydrophenylalanine. . . 2.4 l 25 | 
Glyeylglycyl-pi-phenylalanine Me Wee 4 150 4 4 
Chloroacetyldehydrophenylalany iglycine ee 3.8 6 0 
Chloroacetyl-pu-phenylalanylglycine. .... 2.9 2 50 4 2 
Glyeyldehydrophenylalanylglycine. . . 2.2 NI Ot | 

reorient 2.4 4 85 4 | 2+$§ 


Glyeyl-pL-phenylalanylglycine 
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TaBLE I—Concluded 





Peptide bonds 





Extract | Incuba- | non - 
Substrate concen- tion Rs 
| tration | period | 40 3 pee Hydro 
| ~ is lyzed 

| mt N hrs. | gat 
Chloroacetylsarcosyldehydroalanine........| 2.4 | a ee 
Chloroacetylsarcosyl-pL-alanine. .... 2.9 ie ie 4 0 
Glycylsarcosyldehydroalanine. . . 2.4 |] 8 24 
Di-AIOMPIMIVCING. 5.55.6. n oc. ese ceees 2.4 | 2 | 7.1 2 1+ 
pu-Phenylalanylglycine........ 2.4) 4 | 60.3 2 1+} 
Chloroacetyl-pt-alanylglycine . 2.9 | 4 | 50 { y) 
Glycyl-pi-alanylglycine...... 2.2 4 | 112 { 3+t 
Cpe. 6 8. is 1h t 8.0 2 50 1 1 
Glycylglycylglycine........... ae ol 3.0 | 2 | % | 2 2 
Chloroacetylglycine.......... | 0.5 | 1 25 1 1 
Chloroacetylglycylglycine.... 2.6) 4 | 31 2 1+t 
Chloroacetylsarcosine......... 3.0 on Ter 1 0 
Glycylsarcosine.............. is _ 3.0 4 | 44 1 0+ 
Glycyl-pu-leucine............. | 2.8 2 | 100 2 2 
Chloroacetyl-pt-leucine. . 2.3 2 | 2 2 1 
pi-Leucylglycine......... 2.4 4 67.1 2 1+ 
Chloroacetylglycyl-pL- leucine. 2.4 4 35.5 $ i+ 
Chloroacetyl-pu-leucylglycine . 3.8 4 50 4 2 
Glycylglycyl-pu-leucine. ..... 2.4 2 150 $ 4 
Glycyl-pu-leucylglycine....... 3.8 4 83 4 2+} 
Chloroacetyl-N-methyl-pi-alanine. . o3 4 0 2 0 
Te ee ivimatt 3.8 8 25 2 0+ 


A plus sign indicates that the bond § is seemingly very slowly hydrolysed, 

* These sarcosyl peptides and dehydropeptides were hydrolyzed at a markedly 
slower rate than the corresponding glycyl forms. 

t Not hydrolyzed either by rat kidney extracts. 

t Incomplete hydrolysis of another peptide bond. 

§ With rat kidney, close to 100 um of COOH-N is liberated (Fig. 2), or equivalent 
to the hydrolysis of three peptide bonds. 

|| Incomplete hydrolysis of one peptide bond. 


hydrolyzed with an optimum at about pH 7.2. Only chloroacetyldehydro- 
alanine and chloroacetyl-p.-alanine differ in this respect, for glycyldehydro- 
alanine, glycyl-pL-alanine, chloroacetylglycyldehydroalanine, chloroacetyl- 
glycyl-pL-alanine, and chloroacetyl-p1-alanylglycine are all hydrolyzed 
with an optimum rate at about pH 8.0 to 8.2. 


The effect of incubating a relatively large series of saturated and un- 
saturated peptides under nearly optimum conditions, until all of the readily 


hydrolyzable bonds are cleaved, is described in Table I. 
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When it is reasonably clear that saturated peptide bonds are or are not 
hydrolyzed, the data are given in the form of whole numbers. When one 
bond is seemingly very slowly hydrolyzed, a plus sign follows the number of 
hydrolyzable bonds described in order to indicate the presence of this 
relatively resistant bond. In the case of the dehydropeptides, the hydrol- 
ysis of the single dehydropeptide bond occurred either practically com- 
pletely or not at all. 

Rates of Hydrolysis of Certain Peptides and Dehydropeptides—In Table I 
are given the values of initial reaction rates of some of the susceptible sub- 
strates with hog kidney extracts. In all cases, the rates of hydrolysis for 


TaBe II 
Rates of Hydrolysis of Analogous Peptides and Dehydropeptides with Aqueous 
Hog Kidney Extracts* 








Substrate Substrate hydrolyzed 


———————— s ew es 


uM per hr. per mg. N 


Chloroacetyldehydroalanine. . 33 
Chloroacetyl-L-alanine. . 1161 
Glyeyldehydroalanine.......... 237 
Glycyl-t-alanine...... i 2860 
Glyeyl-p-alanine............ eee 120 
Glyeyl-N-methyl-pi-alanine. .. we 2 
ER ee ee 133 
Glyeylglycine...... Ae Ci de ee ak 1765 
LG AL iit ra Seieths des hip cece age be ve OX 2 
Chloroacetylglycyldehydroalanine.................. 1 
Chloroacetylglycyl-t-alanine..................... 25 
Glyeylglyeyldehydroalanine. . Typ aes 210 
Glyeylsarcosyldehydroalanine................. 2 





* All the reactions were conducted at pH 8.0, except in the cases of chloroacetyl-t- 
ilanine and chloroacetylglycine, which were carried out at pH 7.2. 


the respective compounds are considerably higher with hog kidney than with 
rat kidney extracts (14). Chloroacetyldehydroalanine is hydrolyzed at a 
rate about 30 times slower than chloroacetyl-L-alanine, while glycylde- 
bydroalanine is hydrolyzed about 10 times more slowly than glycyl-1- 
ilanine and about twice as fast as glycyl-p-alanine. Glycyl-N-methyl- 
bi-alanine and glycylsarcosine are hydrolyzed extremely slowly; the latter 
compound is completely resistant to the action of intestinal mucosa under 
conditions whereby glycyl-u-proline is readily hydrolyzed (24). In accord 
with the relative resistance of the glycylsarcosine bond compared with the 
ilyeylglycine bond, the susceptibility of glycylglycyldehydroalanine is 
greater than that of glycylsarcosyldehydroalanine. Chloroacetylglyeylde- 
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hydroalanine is hydrolyzed at a rate about 25 times slower than chlor. 
acetylglycyl-t-alanine, a ratio which is of the same order of magnitude gs 
that for the rates of hydrolysis for chloroacetyldehydroalanine and chloro. 
acetylglycyl-.-alanine. 

Rough estimations of the rate of hydrolysis of the isomeric chloro. 
acetylated dipeptides revealed that those substrates were more susceptible 
which possessed glycine as the terminal residue. Thus, under identica| 
experimental conditions, with a hog kidney aqueous extract equivalent to 
166 mg. of fresh tissue per cc., the following values in micrograms of (0, 
were obtained from digests of 50 um of substrate after 2 hours of incubation 
at 37°: chloroacetylglycyl-pt-phenylalanine 234, chloroacety|l-pL-phenyl- 
alanylglycine 600 (maximum value); and chloroacetylglycyl-p-alanine 224, 
chloroacetyl-pL-alanylglycine 505. With a more concentrated extract prep. 
aration and an 8 hour period of incubation both chloroacetylglycyl. 
pi-phenylalanine and chloroacetylglycyl-pL-alanine were hydrolyzed at all 
peptide bonds. 


DISCUSSION 


Study of the enzymatic susceptibility of acylated amino acids and pep- 
tides possesses a special interest in the present series of investigations, 
The intracellular N-acylase systems, first described under the designation 
“histozyme” (25) and applied almost exclusively to N-benzoylated amino 
acids such as hippuric acid, have received relatively little attention. In- 
terest in this laboratory was early directed to this topic when it was noted 
that the dehydropeptides, acetyldehydroalanine and chloroacetyldehydro- 
alanine, were hydrolyzed by kidney and liver extracts, and that the activity 
toward these substrates could be readily separated from the activity 
toward glycyldehydroalanine (2). 


Similar studies on analogous saturated peptides revealed the presence of | 


enzyme systems in rat and hog kidney which acted asymmetrically upon 


such substrates as chloroacetyl-pi-alanine (1, 26) and permitted thereby | 


the development of a method of preparing L- and p-amino acids in quantity 
and in a state of high optical purity (4). 

There appear to be systems in hog kidney capable of acting upon tripep- 
tides lacking an a-amino group on the acyl residue, such as chloroacetyl- 
glycyldehydroalanine, chloroacetylglycyl-t-alanine, or chloroacetyl-L-al- 
anylglycine (Table I). These enzymes possess at least two apparently 
absolute specificities: (a2) The acyl-saturated peptide bond, whether in the 
completely saturated tripeptide or in the tripeptide with one acyl-saturated 
and one terminal-unsaturated peptide bond, must be ordinarily susceptible, 
e.g. chloroacetylsarcosyl-L-alanine, chloroacetylsarcosyldehydroalanine, 
chloroacetyl-p-phenylalanylglycine, or chloroacetyldehydrophenylalany! 
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glycine is not attacked; and (b) the acyl and terminal residues in the 
tripeptide chain must possess such a structure or configuration that, if they 
were united in dipeptide combination, they would be enzymatically sus- 
ceptible; e.g., whereas chloroacetylglycyl-t-alanine and chloroacetylglycyl- 
dehydroalanine are hydrolyzed, chloroacetylglycyl-p-alanine and chloro- 
acetylglycyldehydrophenylalanine are completely resistant (Table I). 
Thus, the susceptibility of the acylated dipeptides is governed by the 
relation between the acyl and intermediate residues and between the acyl 
and terminal residues, and is not apparently concerned with the relation 
between the intermediate and terminal residues.’ 

The susceptibility of certain of the acylated amino acids and peptides by 
hog kidney invites comparison with the carboxypeptidase system of the 
pancreas. Both carboxypeptidase and the hog kidney systems act upon 
peptides lacking a free a-amino group on the acyl residue. The former acts 
much more readily on those substrates whose terminal amino acid residues 
are tyrosine, tryptophan, or phenylalanine, and much less readily when 
such residues are glycine, alanine, or other aliphatic amino acids (27-30). 
The reverse is true for the hog kidney systems (2,4). The initial attack of 
pancreatic carboxypeptidase on tripeptides is on the terminal bond; that 
for the hog kidney systems is not definitely known. ‘The fact that hog 
kidney hydrolyzes chloroacetylglycyl-L-alanine but not chloroacetylsar- 
csylalanine would suggest that the primary point of attack is at the 
ayl peptide bond. On the other hand, the fact that the hog kidney 
hydrolyzes chloroacetylglycyl-t-alanine but not chloroacetylglycyl-p-ala- 
tine would suggest with equal cogency that the initial point of attack was at 
the terminal peptide bond. Unquestionably, the configuration about each 
of the bonds in these substrates is important, and the question of the initial 
point of attack of the hog kidney systems on the acylated dipeptides may 
well be left open at this time. 

Both saturated and unsaturated peptides with a free a-amino group on 
the acyl residue are much more susceptible to the action of kidney systems 


than those corresponding substrates lacking the a-amino group. In the 
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"Fractionation studies on hog kidney extracts at present being actively pursued 
in this laboratory have suggested that the enzymes acting upon certain dipeptides 
ad tripeptides are different entities. A hog kidney aqueous extract from which 
the nuclear fraction was removed by light centrifugation was subjected to 26,000 X 
jin a refrigerated International centrifuge for 1 hour. The activity toward chloro- 
wetylglycine, chloroacetyl-t-alanine, chloroacetyldehydroalanine, and glycyl-t- 


ilanine was found very largely in the supernatant. The activity toward chloro- 





wetylglycyl-L-alanine, chloroacetylglycyldehydroalanine, and glycyldehydroalanine 
was found very largely in the sediment. Similarly, fractionation studies with 
ileohol precipitations at very low temperatures have yielded results in the same 
direction. These studies will form the basis of a future communication. 
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case of the tripeptides, there is little doubt that the primary point of attack 
is the aminoacyl peptide bond, which is the characteristic of the classic 
aminopeptidase systems. Thus, the order of magnitude of the hydrolysis 
rate of glycylsarcosyldehydroalanine is close to that of glycylsarcosine 
(Table IT). 

There are apparently no enzymes in hog kidney capable of acting upo 
acylated p-amino acids, but there are enzymes capable of acting upon amino. 
acylated p-amino acids as glycyl-p-alanine, etc. On the other hand, thos 
isomeric dipeptides in which the acylamino acid is of the D configuration 
and the terminal residue is glycine, such as p-leucylglycine, etc., are hydro. 
lyzed extremely slowly if at all (81). This latter fact accounts for the 
failure to hydrolyze readily all of the bonds in such tripeptides as glycyl. 
p-leucylglycine, although the isomeric tripeptide, glycylglycyl-p-leucine. 
is hydrolyzed completely. 

Three of the four peptide bonds of glycyl-pi-phenylalanylglycine are 
readily hydrolyzed by rat kidney extracts (Fig. 2). On the other hand, 
the analogous tripeptide, glycyldehydrophenylalanylglycine, is completely 
resistant (15). It would appear that none of the peptidases capable of 
acting upon the saturated peptide acts upon the analogous dehydropeptide. 
Chloroacetyl-L-phenylalanylglycine and acety]-L-leucine are completely sus- 
ceptible substrates, whereas chloroacetyldehydrophenylalanylglycine (15) 
(Table I) and acetyldehydroleucine (32) are completely resistant. Taken 
together with recent evidence on the separation by high speed centrifuga- 
tion of the activities toward glycyl-t-alanine, glycyl-p-alanine, and glycyl- 
dehydroalanine, respectively (33), it would appear that peptidases and de- 
hydropeptidases were distinct and sometimes separable entities. 


The authors are indebted to Mr. Robert Koegel for the nitrogen analyses. 


SUMMARY 











1. A considerable number of dipeptides and tripeptides, some of them | 


containing all-saturated and some containing unsaturated peptide bonds, 
were incubated with hog or rat kidney aqueous extracts under conditions 
whereby nearly the maximum hydrolysis of the susceptible bonds were 
achieved. 

2. Like chloroacetyldehydroalanine, chloroacetyl-L-alanine, chloroacety!- 


* The lower rate of hydrolysis of the acyl bond between glycine and p-phenyl- 
alanylglycine in glycyl-p-phenylalanylglycine by hog kidney is the only example 


so far noted of a weaker activity in this tissue than in rat kidney. The difference — 


may be due (a) to a natural property of the kidneys of the two species, or (0) to the 
fact that the hog kidney was frozen before use, whereas the rat kidney was employed 
fresh. 
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i-phenylalanine and chloroacetyl-t-leucine, the tripeptides, chloroacety!- 
dycyldehydroalanine, chloroacetylglycyl-t-alanine, chloroacetylglycyl-1- 


| phenylalanine, and chloroacetylglycyl-L-leucine, are completely hydrolyzed. 
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Again, like chloroacetyldehydrophenylalanine, chloroacetyl-p-alanine, 
chloroacetyl-p-phenylalanine, and chloroacetyl-p-leucine, the tripeptides, 
chloroacetylglycyldehydrophenylalanine, chloroacetylglycyl-p-alanine, etc., 
are practically completely resistant to enzymatic action of hog kidney. 
In as much as the dipeptides themselves, such as glycyldehydrophenyl- 
alanine and glycyl-p-alanine, are readily hydrolyzed, it would appear that 
the susceptibility of the chloroacetylated dipeptides and dehydropeptides 
was governed largely by the nature of the acyl and terminal residues. 

3. The pH-activity curve for chloroacetyldehydroalanine shows a broad 
optimum zone between pH 6.5 and 9. That for chloroacetyl-L-alanine has 
arelatively sharp optimum at pH 7.2. The pH-activity curves for chloro- 
acetylglycyldehydroalanine, glycyldehydroalanine, chioroacetylglycyl-.-al- 
anine, glycyl-L-alanine, and chloroacetyl-pL-alanylglycine all show an opti- 
mum at about pH 8.0. 

4, Chloroacetyl-pL-alanylglycine, chloroacetyl-pu-leucylglycine, and 
chloroacetyl-pt-phenylalanylglycine are half hydrolyzed, and it is pre- 
sumed that it is the L moieties of these racemic tripeptides which are sus- 
ceptible. Chloroacetyldehydrophenylalanylglycine is completely resistant. 

5. The glycylglycylated pL-amino acids and glycylglycylated dehydro- 
amino acids are completely hydrolyzed, probably through the primary 
action of arminopeptidase on the susceptible aminoacyl bond. Glycyl- 
sarcosyldehydroalanine is slowly hydrolyzed, in accord with the low degree 
of susceptibility of the glycylsarcosine bond. The isomeric tripeptides, 
such as glycyl-pL-alanylglycine, glycyl-pL-phenylalanylglycine, and glycyl- 
pi-leucylglycine, are hydrolyzed at three or close to three bonds, instead 
of the theoretical four. The reason for this presumably lies in the relative 
resistance of the bond between the p-amino acid and the terminal glycine 
residue. Such dipeptides as p-alanylglycine are hydrolyzed extremely 
sowly. Glyeyldehydrophenylalanylglycine is completely resistant, a phe- 
nomenon which at once sets off the dehydropeptidase from the peptidases 
which act upon the analogous saturated peptides. 

6. Approximate rate studies were made with several types of substrates. 
The aminoacylated substrates are hydrolyzed at a faster rate than the 
corresponding chloroacetylated substrates, whether dipeptides or tripep- 
tides, or containing saturated or unsaturated bonds. The peptides are in 
general hydrolyzed at a faster rate than the dehydropeptides, except for 
glyeyl-p-alanine which is cleaved at a slower rate than glycyldehydroalanine. 
Hydrolysis of chloroacetyl-pt-phenylalanylglycine and of chloroacetyl- 
bi-alanylglycine was considerably faster than that, respectively, of the 
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isomeric substrates, chloroacetylglycyl-pL-phenylalanine and chloroacetyl. 
glycyl-pL-alanine. It is suggested that different enzyme entities act Upon 
dipeptides and tripeptides. 


- wh 


“I o> or 


15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 


24. 
25. 
26. 


27. 
28. 
29. 


30. 
31. 
32. 
33. 
34. 
35. 


BIBLIOGRAPHY 


. Price, V. E., and Greenstein, J. P., J. Biol. Chem., 175, 969 (1948). 

. Greenstein, J. P., Advances in Enzymol., 8, 117 (1948). 

. Price, V. E., and Greenstein, J. P., J. Biol. Chem., 171, 477 (1947). 

. Fodor, P. J., Price, V. E., and Greenstein, J. P.,.J. Biol. Chem., 178, 503 (1949). 

. Fischer, E., Ber. chem. Ges., 87, 2486 (1904). 

. Bergmann, M., and Grafe, K., Z. physiol. Chem., 187, 187 (1930). 

. Gongalves, J. M., Price, V. E., and Greenstein, J. P., J. Nat. Cancer Inst., 1, 


443 (1947). 


. Bergmann, M., Schmitt, V., and Miekeley, A., Z. physiol. Chem., 187, 264 (1939 
. Leuchs, H., and Suzuki, U., Ber. chem. Ges., 37, 3306 (1904). 

. Org. Syntheses, coll. 1 (1944). 

. Knoop, F., and Blanco, J.G., Z. physiol. Chem., 146, 267 (1925). 

. Doherty, D. G., Tietzman, J. E., and Bergmann, M., J. Biol. Chem., 141, 611 


(1943). 


. Price, V. E., and Greenstein, J. P., J. Biol. Chem. , 178, 337 (1948). 
. Greenstein, J. P., Price, V. E., and Leuthardt, F. M., J. Biol. Chem., 176, 933 


(1948). 
Bergmann, M., and Schleich, H., Z. physiol. Chem. , 206, 65 (1932). 
Fischer, E., Ann. Chem., 340, 123 (1905). 
Fischer, E., Ber. chem. Ges., 37, 3062 (1904). 
Fischer, E., and Fourneau, E., Ber. chem. Ges., 34, 2868 (1901). 
Fischer, E., Ber. chem. Ges., 36, 2982 (1903). 
Fischer, E., and Otto, E., Ber. chem. Ges., 36, 2106 (1903). 
Levene, P. A., Simms, H.S., and Pfaltz, M. H., J. Biol. Chem., 61, 445 (1924). 
Bergell, P., and Wiilfing, H. V., Z. physiol. Chem., 64, 348 (1909). 


Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 


Chem., 141, 627 (1941). 
Bergmann, M., and Fruton, J.8., J. Biol. Chem., 117, 189 (1937). 


Neuberg, C., Biochem. Z., 147, 372 (1924); also for review of earlier literature. 
Waldschmidt-Leitz, E., Enzyme actions and properties, New York, 2nd edition, 


168-169 (1929). 
Waldschmidt-Leitz, E., and Klein, W., Ber. chem. Ges., 61, 640 (1928). 


Stahmann, M.A., Fruton, J.S., and Bergmann, M., J. Biol. Chem., 164, 753 (1946). 
Fruton, J. 8., in Green, D. E., Currents in biochemical research, New York, 


123-125 (1946). 
Elkins-Kaufman, E., and Neurath, H., /. Biol. Chem. , 176, 893 (1948). 
Maschmann, E., Biochem. Z., 313, 129 (1943). 
Price, V. E., and Greenstein, J. P., Arch. Biochem., 18, 383 (1948). 


Price, V. E., Meister, A., and Greenstein, J. P., Federation Proc., 8, 238 (1949). 


Yudkin, W. H., and Fruton, J.8., J. Biol. Chem., 169, 521 (1947). 


Bergmann, M., Zervas, L., Schleich, H., and Leinert, F., Z. physiol. Chem., 212, 


72 (1932). 











BFFEC 


Glute 
hydroly 
and glu 
dog an 
tion of 
erably” 
enzyme 
labile, 
extract 
the col 
80 in t 
to 0.2( 
amidat 
fresh t 

The 
and m 
logical 
slutio 
monia 
this e¢ 
citrate 

(Il). 

In} 
is to. 
reacti 
desira 
desam 
and 
mine. 

‘TI 
vhich 

1 PI 
extrac 





Upon | 


| ! Bf } 


J, 617 


)», Yoo 


Biol. 


ture, 
ition, 


946), 


York, 


949 


, 212, 





EFFECT OF ANIONS ON THE NON-ENZY MATIC DESAMIDA- 
TION OF GLUTAMINE 


By JAMES B. GILBERT, VINCENT E. PRICE, anp 
JESSE P. GREENSTEIN 
(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, March 1, 1949) 


Glutaminase is the designation given the enzyme which catalyzes the 
tydrolysis of glutamine at the amide bond to yield as products ammonia 
and glutamic acid (1). Highly specific preparations of this enzyme from 
dog and beef kidney have been prepared (2). The enzymatic desamida- 
tion of glutamine in aqueous extracts of rat and mouse tissues is consid- 
erably accelerated by added phosphate, arsenate, and sulfate (3-6). The 
euzyme which is activated by these anions, and which is relatively heat- 
bile, acid-labile, and sedimentable on high speed centrifugation of the 
atract, has been given the designation of glutaminase I (5, 6).! Under 
the conditions of the enzymatic reaction (1 hour incubation at 37° at pH 
80 in the presence of 14 um of glutamine, 330 mg. of fresh tissue, and 0.01 
0 0.20 m phosphate), whereby the substrate is nearly completely des- 
amidated, less than 5 per cent of the substrate is hydrolyzed when the 
fresh tissue is replaced by boiled tissue.* 

The amide group of glutamine is unusually labile at higher temperatures, 
and numerous methods for the determination of this compound in bio- 
gical materials have been based upon this property (7-11). Thus, 
lutions of glutamine heated at 100° for several hours readily yield am- 
nonia and pyrrolidonecarboxylic acid (7-10). Hamilton has shown that 
this conversion occurs more rapidly in the presence of phosphate than of 


| atrate, acetate, or lactate solutions at the same molar concentration 


(Il). 

In view of this observation of Hamilton’s, the question naturally arises 
sto whether the enzyme simply accelerates still further a desamidation 
action already catalyzed by phosphate. It was therefore considered 
iesirable to investigate the effect of several anions on the non-enzymatic 
iesamidation of glutamine, including both those anions which accelerate 
ad those which do not accelerate the enzymatic desamidation of gluta- 
mine, 


‘The designation of glutaminase II has been given to the soluble, hepatic system 
vhich hydrolyzes glutamine only in the presence of a-keto acids (5, 14). 

*Phosphate-activated glutaminase activity is demonstrated not only in tissue 
extracts but in slices as well (15): 
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EXPERIMENTAL 


The glutamine employed gave no test for ammonia. On boiling jp | | 


N HCl for 1 minute it yielded 90 per cent of the theoretical amount ¢ 
amide nitrogen as ammonia. The non-enzymatic digests consisted of | 
ce. of glutamine at the stated concentration, 2 ec. of veronal acetate by. 
fer (0.028 m with respect to veronal), and 1 cc. of either water or the anion 
at the stated concentration. The pH of each digest was carefully ad. 
justed, and initial and final pH values were nearly identical. The enzy. 
matic digests consisted of 1 ec. of fresh aqueous rat liver extract equivalent 


to 330 mg. of tissue, 2 cc. of the veronal buffer with and without added | 
anion, and 1 ec. of either water or 0.014 m glutamine solution. At the | 





end of the reaction, the digests were alkalinized with saturated K,CO, | 


and the ammonia aerated into dilute sulfuric acid traps and subsequently 
nesslerized. The glutamine was entirely stable under the aeration condi- 


tions. The enzymatic data were corrected for the extract blanks. De. | 


terminations of carboxyl nitrogen were made by the gasometric procedure 
with ninhydrin (12). 

The anions were furnished by the following sodium salts: phosphate, 
phosphite, arsenate, methyl arsenate, bicarbonate, sulfate, borate, pyn- 
vate, acetate, chloride, and nitrate. 

Time Course of Non-Enzymatic Desamidation of Glutamine—The very 
considerable effect of phosphate on the non-enzymatic desamidation of 
glutamine is revealed in Fig. 1. After 48 hours of incubation, when nearly 
100 per cent of the glutamine in the presence of phosphate was desami- 
dated, only about 30 per cent of the amide in the absence of this anion was 
desamidated. 

Effect of Various Anions on Non-Enzymatic Desamidation of Glutamine— 
The effect of increasing amounts of various sodium salts on the liberation 
of amide nitrogen from glutamine is revealed in Fig. 2. The values given 
are corrected for the ammonia evolved from the digests in the absence of 
added salt. At equimolar concentrations, phosphate was more effective 
thaa arsenate, and arsenate more so than methyl arsenate. Phosphite 
had a relatively weak effect. Borate accelerated the non-enzymatic des- 
amidation of glutamine, but this salt was too insoluble to be used much 
above 0.05 m final concentration. Chloride, sulfate, nitrate, acetate, and 
pyruvate up to 0.20 M final concentration possessed no measurable effect 
on the desamidation of glutamine. Digests containing both sulfate and 
phosphate yielded the same results as those with phosphate alone. 

Bicarbonate was very effective in accelerating the non-enzymatic desami- 


dation of glutamine, but the pH of digests containing this salt was in- | 


variably higher than 8.0. At pH 8.4 + 0.1, digests of glutamine with 
various salts at 0.2 m final concentration yielded the following amounts of 
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HOURS INCUBATION 


Fic. 1. Time course of non-enzymatic desamidation of glutamine. O, no added 
phosphate; X, with added phosphate. The mixtures consisted of 1 ce. of 0.025 m 
glutamine, 2 cc. of 0.08 m veronal acetate buffer at pH 8.0, and 1 cc. of either water 
or 0.8 m phosphate at pH 8.0. The initial and final pH of each mixture was 8.0 + 
0.05. Temperature 47°. Complete desamidation yields 22.5 um of ammonia. 








MICROMOLES AMIDE N EVOLVED 








I j 
0 .05 10 At.) 20 


MOLARITY OF FINAL ANION CONCENTRATION 


Fie. 2. Effect of various sodium salts on the non-enzymatic desamidation of 
glutamine. ©, phosphate, O, arsenate, @, methyl arsenate, A, borate, ™, phos- 
phite. The mixtures consisted of 1 cc. of 0.1 m glutamine, 2 cc. of 0.08 m veronal 
buffer at pH 8.0, and 1 cc. of water or salt solution at pH 8.0. The values were cor- 
rected for water blanks. The initial and final pH of each mixture was 8.0 + 0.05. 
Incubation period, 8 hours at 37°. 
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amide nitrogen as micromoles of ammonia over the blanks: phosphate 
18.1, arsenate 15.8, chloride 0, phosphite 1.7, and bicarbonate 12.1, The 
experimental conditions, other than those stated, were the same as those 
described in Fig. 2. 

Effect of Phosphate Concentration al Different Concentrations of Guta. 
mine—The data in Fig. 3 indicate that for a given concentration of phos. 
phate the amount of desamidation is proportional to the concentration of 
glutamine up to about 30 per cent desamidation. 
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Fie. 3. Non-enzymatic desamidation of glutamine at two different concentra- 
tions. X, 0.05 m; O, 0.025 m glutamine. The mixtures consisted of 1 cc. of glu- 
tamine solution, 2 cc. of 0.08 m veronal buffer at pH 8.0, and 1 ce. of phosphate solu- 
tion at pH 8.0. The initial and final pH of each mixture was 8.0 + 0.05. The values 
were corrected for water blanks. Incubation period, 12 hours at 47°. 


Effect of pH—The data in Fig. 4 demonstrate that a striking accelera- 
tion of the non-enzymatic desamidation of glutamine by phosphate occurs 
progressively with increasingly alkaline pH. In acid pH ranges, on the 
other hand, the desamidation is little affected by phosphate. The essen- 
tial stability of glutamine at pH 4 to 7 in the absence of phosphate is re- 
vealed by Fig. 4. Sodium chloride added at the same ionic concentration 
as phosphate possessed no accelerating effect (Fig. 4). 

Effect of Temperature—Digests consisting of 1 cc. of 0.1 m glutamine, 
2 cc. of veronal buffer at pH 8.0, and 1 cc. of either water or 0.8 m phosphate 
were incubated at 47.4° and 37.0° for several hours. The initial and final 
pH of each digest was 8.0 + 0.05, and the data were corrected for the small 
blanks in the absence of added phosphate. After 1.5 hours, the ammonia 
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iiberated at the higher temperature in the presence of phosphate was 10.6 
yi, and at the lower temperature 4.8 um. After 3.25 hours, the corre- 
sponding values were 21.0 and 9.2 um. On the basis of these data, the 
average temperature coefficient amounts to about 2.2 for a difference in 
temperature of 10.4°, or close to 2 for a difference of 10°. 

Conversion of Glutamine to Pyrrolidonecarborylic Acid—The non-enzy- 
matic desamidation of glutamine is accompanied by ring closure to pyr- 
rolidonecarboxylic acid (7, 8, 11). Phosphate, as well as bicarbonate and 
certain other salts, accelerates the reaction. We have noted that thi, 
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Fig. 4. Effect of pH on the non-enzymatic desamidation of glutamine. X, 0.2 
a final phosphate concentration; O, no added salt; A, sodium chloride added at 
equal jonic strength to phosphate. The mixtures consisted of 1 cc. of 0.05 m gluta- 
mine, 2 cc. of veronal buffer at different pH values, and either 1 cc. of water or 0.8 
uphosphate. Incubation period, 12 hours at 37°. 


acceleration by phosphate is not inhibited by pyrrolidonecarboxylie acid 
or glutamic acid added in a molar ratio of 400:1 of glutamine. When 1 
cc. of ammonium glutamate, 2 cc. of veronal buffer at pH 8.0, and 1 ce. of 
0.8m phosphate at pH 8.0 were incubated for 12 hours at 37°, no appreci- 
able loss of carboxy] nitrogen had occurred and thus no appreciable amount 
of pyrrolidonecarboxylic acid was formed. Under these conditions, there- 
fore, glutamate is not converted to pyrrolidonecarboxylic acid even in the 
presence of phosphate. 

Study of Chloroacetylglutamine—Mixtures of 1 cc. of neutralized 0.05 
a chloroacetylglutamine (13), 2 cc. of 0.014 veronal buffer, and 1 ce. of 
either water or 0.8 m phosphate buffer at pH 8.0 were prepared and allowed 
toincubate at 47° for 4.and8 hours. Under these conditions, and especially 
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in the presence of phosphate, glutamine yields an appreciable amount of 


its amide nitrogen as ammonia. With chloroacetylglutamine, however | 


no significant quantities of ammonia were noted, whether phosphate was o 
was not present. Chloroacetylation of the a-amino group of glutamine 
obviously blocks pyrrolidonecarboxylic acid formation. 

Increased ammonia production from chloroacetylglutamine is noted 
when concentrated rat liver extracts treated with pyruvate (13) or phos. 
phate (3) are used, but this may be due to a preliminary enzymatic hydrd. 
ysis at the peptide bond yielding free glutamine. 


Effect of Various Anions on Enzymatic Desamidation of Glutamine—Phos. | 


phate, arsenate, and sulfate at 0.02 to 0.20 m concentration accelerate 





markedly the desamidation of glutamine in rat liver, kidney, spleen, and | 


brain (3-6). Methyl arsenate and phosphate at concentrations lower than 
0.02 m do not accelerate (4), but at higher concentrations do accelerate the 
enzymatic hydrolysis of the amide to practically the same extent as arsenate 
or phosphate. Since bicarbonate and borate accelerated the non-enzymatic 
desamidation of glutamine (see above), the effect of these salts at 0.10 x 
final concentration on the enzymatic desamidation of glutamine with rat 
liver extracts was studied. The digests consisted of 1 cc. of fresh aqueous 
rat liver extract equivalent to 330 mg. of tissue, 2 cc. of veronal buffer with 
and without the salts, and 1 cc. of either water or 0.014 m glutamine. The 
pH of the digests was 8.2 and the incubation period 1 hour at 37°. No 
measurable acceleration of desamidation of the glutamine by either borate 
or bicarbonate was noted. 

Effect of pH and of Concentration on Accelerating Effect by Sulfate on 
Enzymatic Desamidation of Glutamine—The accelerating effect of sulfate on 
the enzymatic desamidation of glutamine is so unusual that a brief study 
was made of the reaction. In Fig. 5 is portrayed the effect of pH on this 
reaction, and it is noted that the pH of 8.0, when optimum desamidation 
occurs in the presence of sulfate, is practically the same as that of the 
optimum desamidation of glutamine in the absence of the added salt. 
Thus, the effect of sulfate in this respect is similar to that of phosphate or 
arsenate (3-6). 

The effect of increasing amounts of sulfate on the enzymatic desamida- 
tion of glutamine is shown in Fig. 6. As in the case of added phosphate 
(3-6), the desamidation of glutamine in the presence of sulfate reaches a 
maximum value at a molar ratio of about 8 of salt to amide, and there- 
after remains appreciably constant up to a final concentration of sulfate of 
0.2 M. 

Determinations of carboxy] nitrogen in digests of rat liver extracts with 
glutamine and sulfate revealed no evidence of appreciable pyrrolidone- 
carboxylic acid formation, for there was no apparent decrease in the car- 
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MICROMOLES GLUTAMINE HYDROLYZED 











Fic. 5. Effect of pH on the enzymatic desamidation of glutamine by rat liver 
extracts in the presence and absence of added sodium sulfate. The digests consisted 
of lec. of fresh aqueous extract equivalent to 330 mg. of tissue, 2 cc. of buffer with 
) and without 0.4 m sodium sulfate, and 1 cc. of water or 0.014 m glutamine. X, with 
80,; O, without SO,. Veronal buffers were used below pH 8.5, glycine-NaOH 
buffersabove pH 8.5. Incubation period, 1 hour at 37°. 
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MOLAR CONCENTRATION OF SULFATE 


Fic. 6. Effect of concentration of sulfate on the enzymatic desamidation of glu- 
} amine. The digests consisted of 1 cc. of fresh aqueous rat liver extract equivalent 
10 330 mg. of tissue, 2 cc. of veronal acetate buffer at pH 8.0 with and without added 
wilfate, and 1 cc. of water or 0.014 m glutamine. Incubation period, 1 hour at 37°. 
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boxyl nitrogen titer after most of the substrate had been desamidatej 
Pyrrolidonecarboxylic acid itself was not attacked by rat liver, kidney, » 
brain extracts, whether added phosphate was present or not. 


DISCUSSION 


A summary of the effect of various anions on the respective enzymatic 
and non-enzymatic desamidation of glutamine is given in Table I. Phos. 
phate, phosphite, arsenate, and methy] arsenate accelerate both the enyy. 


TaBLe I 


Effect of Anions on Acceleration of Enzymatic and Non-Enzymatic Desamidation 
of Glutamine 





| Increase in amide N hydrolyzed 
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* All sodium salts. 

+ The data were taken from Fig. 2. The experimental conditions and inactive 
anions are stated in the text. 

t The data were obtained from (3-6, 14), Fig. 5, and the text of the present paper. 
Aqueous rat liver extracts were used. In all cases but pyruvate, the enzymatic 
desamidation refers to the activity of the widely distributed glutaminase I in rat 
tissues. Pyruvate is concerned only with the hepatic system, glutaminase II. The 
data on this system were obtained after 4 hours of incubation at pH 7.5. 


matic and the non-enzymatic reactions. Nitrate, acetate, and chloride de 
not accelerate either the enzymatic or the non-enzymatic reactions. On the 
other hand, sulfate and pyruvate accelerate the enzymatic desamidation 
(by glutaminases I and II respectively) but not the non-enzymatie des 
amidation, while borate and bicarbonate accelerate the non-enzymatic but 
not the enzymatic desamidation. 

The enzymatic and non-enzymatic desamidation of glutamine thus differ 
‘in at least three particulars: namely (a), the former yields glutamic acid 


and ammonia, whereas the latter reaction yields pyrrolidonecarboxylic | 
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acid and ammonia; (b) the former is accelerated by sulfate and pyruvate 
but not by borate or bicarbonate, whereas the latter reaction is acceler- 
ated by borate and bicarbonate but not by sulfate or pyruvate; and (c) 
the enzymatic desamidation possesses an optimum at pH 8.0 in rat liver 
and kidney extracts, at pH 8.8 in rat brain extracts (3-6), and at pH 7.5 
with dog kidney (2), whether added active anion is or is not present, where- 
as the non-enzymatic desamidation of glutamine possesses no optimum but 
simply increases progressively at either acid or alkaline reactions (Figs. 
4and 5). Moreover, the accelerating effect of phosphate on the non- 
enzymatic reaction increases with increasing pH and decreases with de- 
creasing pH. 

The complete enzymatic desamidation of glutamine is accomplished with- 
out detectable pyrrolidonecarboxylic acid formation. No enzyme is pres- 
ent, in any of the tissues studied, which is capable of hydrolyzing pyr- 
rolidonecarboxylic acid to glutamic acid; and hence the primary action of 
tissue glutaminase is undoubtedly a simple hydrolysis at the amide bond to 
yield glutamic acid and ammonia. Since ammonium glutamate under the 
non-enzymatic conditions employed does not yield appreciable amounts of 
pyrrolidonecarboxylic acid, the non-enzymatic desamidation of glutamine 
isin effect the result of a simultaneous ring closure of the glutamine and not 
of a primary hydrolysis of the amide bond. 

Bicarbonate, which accelerates the non-enzymatic desamidation of glu- 
tamine to an extent not much less than that of phosphate, has no influence 
on the enzymatic reaction under conditions whereby phosphate accelerates 
the reaction nearly to completion. It is true that the enzymatic reaction is 
very much faster than the non-enzymatic reaction, and, if bicarbonate had 
avery weak effect on the enzymatic desamidation, it might not have been 
noted in the relatively short period of incubation used (1 hour at 37°). On 
the other hand, sulfate accelerates the enzymatic desamidation of glutamine 
toa degree not much less than that of phosphate, but possesses no demon- 
strable effect on the non-enzymatic desamidation of glutamine under condi- 
tions whereby phosphate (and bicarbonate) considerably accelerates the 
reaction. 

The data presented appear to indicate that the effect of the active anions 
on the enzymatic and on the non-enzymatic desamidation of glutamine may 
be fundamentally different. It is quite possible that the acceleration of 
hon-enzymatic reaction by the active ions may be due to the formation 
ofa highly labile intermediate complex of glutamine and anion in minute 
amounts. The presence of such a possible complex cannot be excluded in 
the course of the enzymatic reaction, but the enzyme itself, together with 
other tissue components in the crude extract, may produce conditions 
involving new specificities. 
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SUMMARY 


1. The effect of various anions on the desamidation of glutamine jp 
veronal-buffered solution has been studied and compared with the effect of 
the same ions on the enzymatic desamidation of this substrate in rat tisgye 
aqueous extracts. 

2. The non-enzymatic reaction which leads to the formation of pyr- 
rolidonecarboxylic acid and ammonia is accelerated by phosphate, phos. 
phite, arsenate, methyl arsenate, borate, and bicarbonate, and is not accel. 








erated by sulfate, nitrate, acetate, chloride, or pyruvate at equivalent | 


concentrations. Chloroacetylglutamine is not affected, whether phosphate 
is oris not present. The enzymatic reaction which leads to the formation of 
glutamic acid and ammonia is accelerated by phosphate, phosphite, arsen. 


ate, methyl arsenate, sulfate, and pyruvate, and is not accelerated by 
borate, bicarbonate, nitrate, acetate, or chloride at equivalent concen. | 


trations. 

3. The desamidation of glutamine in tissue extracts occurs at an optimum 
at the same pH, whether accelerating salt has been added or not. The 
accelerating effect of phosphate on the non-enzymatic desamidation of 
glutamine increases with increasing pH, and decreases with decreasing pH. 

4. The several differences between the phenomena of enzymatic and 
non-enzymatic desamidation reactions suggest that they occur by different 
mechanisms. 
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BIOPHYSICAL STUDIES OF BLOOD PLASMA PROTEINS 


XII. ELECTROPHORETIC STUDIES OF THE BLOOD SERUM PROTEINS 
OF SOME LOWER ANIMALS* 


By H. F. DEUTSCH anv W. H. McSHAN 


(From the Departments of Physiological Chemistry, Chemistry, and Zoology, 
University of Wisconsin, Madison) 


(Received for publication, March 28, 1949) 


The blood serum (1) and plasma (2) proteins of various relatively easily 
aecessible animals have been studied previously by the electrophoretic 
technique. ‘The serum proteins of each species were found to give char- 
acteristic species variations in mobility, amount, and number of protein 
components. 

An electrophoretic study of the blood serum proteins of various animals 
of relatively lower phylogenetic order has revealed that the same species 
specificity of the plasma proteins that exists among the higher animals 
likewise obtains among the lower forms. 


EXPERIMENTAL 


With the exception of the frog, turtle, horseshoe crab, and snail, blood 
samples were obtained from all species by heart puncture. Samples 
from the frog and turtle were collected from a severed artery. The snail 
and horseshoe crab were bled from a main circulatory sinus. The blood 
from as many animals of a given species as it was possible to obtain was 
pooled and the serum recovered by the usual methods. In some cases 
only a single animal of a given species was available. An analysis of 
total serum proteins (serum N X 6.25) was carried out by using a small 
aliquot of each sample. The remaining serum was dialyzed for 36 to 72 
hours at 1-2° against several changes of a pH 8.6, sodium diethylbarbitu- 
rate buffer of ionic strength, 0.1. The samples were then diluted with 
buffer of this composition to give solutions of 2 to 3 per cent protein con- 
centration (if more concentrated) and subjected to electrophoretic an- 
alysis. A diagonal knife-edged schlieren photographic method was used 
to record the position of the moving boundaries as a function of time. A 
constant potential gradient of approximately 6 volts per cm. was used 
for the electrophoresis experiment. The duration of any given experi- 
ment depended on the electrophoretic resolution obtained. 


* Supported in part by the Research Committee of the Graduate School from funds 
supplied by the Wisconsin Alumni Research Foundation. 
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No attempt has been made to identify the protein components of the 
serums studied as being albumin or one of the several globulins; rather 
the electrophoretic areas were merely assigned numbers in order of increas. 
ing electrophoretic mobility. Percentage composition and mobilities for 
the areas were calculated from the descending electrophoretic pattern, 
The position of the electrophoretic salt anomaly on the descending side jg 
indicated by ¢ in the diagrams, while the corresponding boundary on the 
ascending side is designated as 6. 


Results 


Data concerning the species studied, the number of animals used in each 
case, serum protein levels, and the percentages of the various proteins 
and their electrophoretic mobilities are given in Table I. For the pur- 
poses of greater clarity, the electrophoretic patterns of each species will be 
discussed individually and in phylogenetic sequence. 

Snakes—Blood serums from five species of snakes were studied. A 
species specificity as revealed by the electrophoretic analysis of these 
proteins is apparent. The serum proteins. of the water-snake (Fig. 1), 
milk-snake (Fig. 2), and moccasin (Fig. 3) give unique electrophoretic 
patterns. The water-snake serum proteins contain large amounts of low 
mobility components. In mammalian serum such proteins are charac- 
teristically globulin in nature. Even two such closely related species as 
the diamond back and timber rattlesnakes (Figs. 4 and 5 respectively) 
give patterns which are easily distinguishable. The diamond back rattle- 
snake shows ten components and Component 3 appears to consist of at 
least three components. The diagram of the timber rattlesnake serum 
indicates the presence of at least nine distinct components, with a markedly 
different concentration distribution as compared to the components of a 
corresponding number in the diamond back rattlesnake. All of the snake 
serum protein diagrams have the common property of possessing a rela- 
tively strong anomaly in the region of Component 2 or 3 of the descending 
electrophoretic pattern. 

Turtles—Two species of turtles were studied. Electrophoretic patterns 
of the serum proteins of the soft-shelled and snapping turtles are shown in 
Figs. 6 and 7, respectively. These diagrams reveal complete lack of 
similarity. The snapping turtle’s serum proteins consist largely of mole- 
cules having relatively low mobilities in contrast to those of the soft- 
shelled turtle. A strong anomaly shown in the region of Component 2 
of the soft-shelled turtle is a further distinguishing feature of these pat- 
terns. The ascending limb of the electrophoretic diagram of the serum 
‘proteins of both these species reveals that these systems are more complex 
than the analytical data of Table I would suggest. 
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Bullfrog—The electrophoretic pattern of the serum proteins of this 
amphibian is shown in Fig. 8. Nine components whose mobility and 
percentage distribution appear to be characteristic for this species were 
analyzed. The complexity of this pattern, however, suggests that many 
more proteins are present. Thus the ascending diagram shows that Com- 

nent 2 is definitely a composite of several proteins. 

Perch—A relatively complex electrophoretic pattern is shown by the 
perch serum proteins in Fig. 9. Twelve components were analyzed. The 
poor resolution of many of them tends to make the analytical values of 
Table I somewhat arbitrary. 

Wall-Eyed Pike—The electrophoretic pattern of this member of the 
family Percidae is seen in Fig. 10. At least eleven components are present. 
They show relatively good resolution on the ascending side. These pro- 
teins do not show much electrophoretic similarity to the serum proteins 
of the closely related perch. 

Rock Bass—Fig. 11 shows the electrophoretic data for a serum pool of 
this species. Nine relatively well defined components are present. 

Catfish—Four species of the family Ameiuridae were studied. Two of 
these members, the channel and white catfish, are classified as belonging 
to the same genus and species. They are, however, distinguishable mor- 
phologically and the electrophoretic patterns of their serum proteins do 
show considerable difference. These patterns for the channel and the 
white catfish are shown in Figs. 12 and 13, respectively. Eight com- 
ponents are seen in the white catfish serum, Components 7 and 8 comprising 
the major portions of the protein. The channel catfish serum proteins 
likewise show eight components with a considerable similarity in their 
mobilities. The amounts of the individual proteins, however, vary con- 
siderably; thus Component 7 of the white catfish is the major serum com- 
ponent, while in the case of the channel catfish it is a relatively small 
component. Because of this marked variation the electrophoretic dia- 
grams of the serum proteins of these two species are readily distinguished. 

The serum protein diagram of the eel catfish (Fig. 14) shows further 
variations from the electrophoretic diagrams of the serum protein of the 
channel and the white catfish. However, certain similarities to the dix- 
gram of the white catfish are evident. Eight components are present, 
but the amounts of proteins present in these areas vary considerably 
from those of the other catfish, as shown by the data of Table I. The 
serum of a fourth member of the family Ameiuridae, the bullhead, gives 
the electrophoretic pattern shown in Fig. 15. Again eight components 
are present, but with a great deal of variation from the other species of 
this family. The major portion of the protein is carried by Components 
7 and 8, which are closely related in electrophoretic mobility and hence 
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show poor resolution. As will be revealed later, the members of this 
family do, however, show greater serum protein similarities as measured 
by the electrophoretic technique than do the trout members of the family 
Salmonidae. 





Fig. 1 Electrophoretic diagram of water-snake blood serum proteins. ° Duration 
of experiment 10,800 seconds. 





Fig. 2. Electrophoretic diagram of milk-snake blood serum proteins. Duration 
of experiment 9000 seconds. 





Fie. 3. Electrophoretic diagram of moccasin snake blood serum proteins. Dura- 
tion of experiment 10,800 seconds. 


Carp—The electrophoretic pattern for pooled carp serum is shown in 
Fig. 16. It does not agree well with the pattern previously reported by 
Deutsch and Goodloe (2) for this species, as found in a barbiturate-ci- 
trate buffer of pH 8.6. The major portions of these proteins have rela- 
tively high mobilities, usually characteristic of serum albumins. This 
agrees with the high albumin-to globulin ratio for carp serum, as determined 
chemically by Field et al. (3). The protein level of the pooled carp serum 
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used in these studies falls in the lower range of the values found by the 
above investigators. 


0 





Fic. 4. Electrophoretic diagram of diamond back rattlesnake blood serum pro- 
teins. Duration of experiment 10,800 seconds. 





Fic. 5. Electrophoretic diagram of timber rattlesnake blood serum proteins. 
Duration of experiment 10,800 seconds. 





Fic. 6. Electrophoretic diagram of soft-shelled turtle blood serum proteins. 
Duration of experiment 10,800 seconds. 





‘ experit 

Fic. 7. Electrophoretic diagram of snapping turtle blood serum proteins. Dura- 
tion of experiment 10,800 seconds. By 
‘ ° ° : serum 
Sucker—The serum proteins of this species give the electrophoretic | ‘aii 


diagram shown in Fig. 17. The pattern resembles those of the carp and ane 
the whitefish in that they are relatively closely grouped in regard to their | Wh 
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e electrophoretic mobilities, and hence show poor resolution. Components 
3 and 5 give evidence of being composite in character. 





Fig. 8. Electrophoretic diagram of bullfrog blood serum proteins. Duration of 
0- experiment 10,800 seconds. 





Fic. 9. Electrophoretic diagram of perch blood serum proteins. Duration of 
experiment 7380 seconds. 





Fic. 10. Electrophoretic diagram of wall-eyed pike blood serum proteins. Dura- 
ng, | tion of experiment 10,800 seconds. 





Fig. 11. Electrophoretic diagram of rock bass blood serum proteins. Duration of 


experiment 8880 seconds. 
ra 


Buffalo-Fish—In Fig. 18 is shown the electrophoretic diagram for the 
tic _ Sefum proteins of this species. The individual components, eight in 
nd | Dumber, are grouped into three more or less distinct regions of approxi- 
mately equal size. 

Whitefish—At least ten electrophoretic serum protein components are 
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‘shown by this species (Fig. 19). The individual proteins are poorly re. 
solved, which makes difficult their analyses for percentage composition 
and mobility. 





Fia. 12. Electrophoretic diagram of channel catfish blood serum proteins. Dura- 
tion of experiment 10,800 seconds. 





Fig. 13. Electrophoretic diagram of white catfish blood serum proteins. Duration 
of experiment 10,800 seconds. 





Fig. 14. Electrophoretic diagram of eel catfish blood serum proteins. Duration 
of experiment 10,800 seconds. 





Fig. 15. Electrophoretic diagram of bullhead blood serum proteins. Duration 
of experiment 10,800 seconds. 


Herring—An electrophoretic diagram of the serum proteins of this 


species is shown in Fig. 20. Eleven components showing wide variation | 


in mobility are present. 


Trout—Three trout species were available. The German brown and { 
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| 


me ' 
_ | inbow trout were hatchery-reared, while the lake trout were obtained 
| 


from their native habitat (Lake Michigan). The electrophoretic pattern 
| for the rainbow trout shown in Fig. 21 reveals the presence of eight com- 


ponents. Of these Components 5 and 7 make up the major portions of 





Fig. 16. Electrophoretic diagram of carp blood serum proteins. Duration of 
experiment 10,080 seconds. 





Fig. 17. Electrophoretic diagram of sucker blood serum proteins. Duration of 
experiment 10,860 seconds. 





Fig. 18. Electrophoretic diagram of buffalo-fish blood serum proteins. Duration 
of experiment 10,800 seconds. 


the total protein. This serum is characterized by the relatively high 
electrophoretic mobility of the components. The electrophoretic pat- 
tern of the serum proteins of the German brown trout is shown in Fig. 22. 
A very complex pattern showing at least eleven components appears. 
No particular relation to the serum proteins of the closely related rainbow 
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trout reared under identical conditions is revealed. A characteristic elec. 
trophoretic pattern is likewise shown by the serum proteins of the lake 
trout (Fig. 23). Eight distinct areas are revealed. As seen in Table J, 
Component 7 makes up approximately 60 per cent of the serum proteins, 
It agrees rather closely in electrophoretic mobility with Component 7 
of rainbow trout serum. In any event, the serum proteins of these three 








Fia. 19. Electrophoretic diagram of whitefish blood serum proteins. Duration of | 


experiment 11,280 seconds. 





Fig. 20. Electrophoretic diagram of herring blood serum proteins. Duration of | 


experiment 9780 seconds. 





Fia. 21. Electrophoretic diagram of rainbow trout blood serum proteins, Dura- 
tion of experiment 10,800 seconds. 


closely related fish species show marked differences as revealed by their 
electrophoretic patterns. 

Northern Pike—The electrophoretic diagram for the serum proteins 
of this species is shown in Fig. 24. Seven components were analyzed. 
They show poor resolution and bear no resemblance to the proteins of the 
wall-eyed pike. 


Sturgeon—Two samples of rock sturgeon blood were obtained. The | 
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serums from these samples were analyzed individually; serums from Stur- 
geons 1 and 2 are shown in Figs. 25 and 26 respectively. Considerable 
variation is apparent. The sample from Sturgeon 1 showed evidences 





Fig. 22. Electrophoretic diagram of German brown trout blood serum proteins. 
Duration of experiment 10,800 seconds. 





Fig. 23. Electrophoretic diagram of lake trout blood serum proteins. Duration 
of experiment 10,800 seconds. 





Fia. 24. Electrophoretic diagram of northern pike blood serum proteins. Dura- 
tion of experiment 7200 seconds. 





Fig. 25. Electrophoretic diagram of Sturgeon 1 blood serum proteins. Duration 
of experiment 10,800 seconds. 


of at least ten components, while only nine were apparent in that of Stur- 
geon 2. The essential difference in the electrophoretic pattern of the two 
serums is an enhanced amount of the faster migrating proteins in the 
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serum from Sturgeon 2. Proteins in this area of the electrophoretic pat- 
terns of higher animals are generally albumin in nature. It would thus 
appear that the sample of Sturgeon 2 (Fig. 26) might contain a greater 
amount of albumin. A further difference is the marked anomaly in serums 
from Sturgeon 2 in Component 2 of the descending side. This anomaly 
is usually representative of lipoprotein components in serum of higher 





Fig. 26. Electrophoretic diagram of Sturgeon 2 blood serum proteins, Duration 
of experiment 13,500 seconds. 








Fia. 27. Electrophoretic diagram of horseshoe crab blood serum proteins. Dura- 
tion of experiment 7200 seconds. 


6 





Fig. 28. Electrophoreti¢e diagram of snail blood serum proteins, Duration of 
experiment. 11,400 seconds. 


animals and the designation of 8-globulins is usually given to the proteins 
in this region of the pattern. 

Horseshoe Crab-—-The blood proteins of this species and the snail (Poly- 
gyria) depart from those of the other animals studied in that the respira- 
tory proteins do not exist in cellular form. It is generally regarded that 
the blood serum protein of Limulus (horseshoe crab) is essentially hemo- 
cyanin. Previous electrophoretic analyses of Limilus hemocyanin over a 
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pH range of 5.0 to 10.5 by Svedberg and Pedersen (4) suggested the pres- 
ence of only one component. The electrophoretic pattern shown in Fig. 
27 reveals at least five areas of which Components 1 and 2 exist in very 
low concentration. The major portion of these blood proteins is indicated 
by the poorly resolved Components 4.and 5. It is likely that these com- 
ponents as well as Component 3 are hemocyanins. 

Snail—The proteins of the blood of this species are largely carried by 
Component 6. In addition, it can be seen from Fig. 28 that six other 
small components are present. It is not known whether the main elec- 
trophoretic peaks represent respiratory pigment or pigments of this blood. 

DISCUSSION 

All of the serum protein systems studied in this work show electro- 
phoretic patterns which appear to be characteristic of the species. In 
many cases even closely related species such as members of the family 
Salmonidae (trout), Ameiuridae (catfish), and Reptilia (snakes) show 
extreme and easily recognizable variations. The variation among indi- 
vidual species encountered in this work was much greater than that seen 
between man and monkey serum proteins and between those of a group of 
birds (2). 

The blood serum samples analyzed often consisted of collections from 
only one or two members of a given species. Individual serum protein 
fluctuations, as evaluated by the electrophoretic technique, are known to 
exist, particularly as a response to various pathologies (5, 6). However, 
the individual variations in apparently normal animals are relatively 
small. The differences of species encountered in this work on the serum 
of single individuals or of two or three animals appear to be far out of the 
range of such variations. However, the analysis of two samples of rock 
sturgeon blood serum did reveal rather startling differences. 

A general characteristic of the serum proteins studied in this work is the 
relatively low amount or even absence of a component comparable to the 
y-globulin in the serum of mammals. The component of like mobility 
in the serum of the lower animals, designated Component | in Figs. 1 to 
28, is generally present in much lower amounts. Furthermore, this com- 
ponent generally has a higher mobility as compared to the value usually 
given for the normal mammalian serum y-globulins (7-9). 

The well known so called 8 anomaly of mammalian serum again appears 
in the electrophoretic patterns for the serums of many of the lower ani- 
mals. The actual mobilities of this component are not greatly different 
from the analogous mammalian serum proteins. 

Only a limited amount of information is available on the blood serum 
proteins of lower animals (3, 10-13). The great complexity of the serum 
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proteins which is indicated by the electrophoretic method suggests the 
necessity of much further detailed chemical study. The present study 
has sufficed merely to show the complexity of these protein systems and 
to indicate our almost complete lack of any specific knowledge as regards 
the nature of the individual protein components. 


SUMMARY 


The blood serums of twenty-eight lower animals, including the syneretic 
fluid of the bloods of two invertebrates, were subjected to electrophoretic 
analysis. The same species specificity as shown by higher animals exists 
at the lower phylogenetic levels. 


The authors wish to acknowledge the technical assistance of Miss Phyl- 
lis Merrill. 
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THE CHEMISTRY OF MELANIN 
V. OXIDATION OF DIHYDROXYPHENYLALANINE BY TYROSINASE* 


By HOWARD 8. MASON anp CHARLES I. WRIGHT 


(From the Clinical Investigations Section, Division of Industrial Hygiene, and the 
Experimental Biology and Medicine Institute, National Institutes of Health, 
United States Public Health Service, Bethesda, Maryland) 


(Received for publication, April 13, 1949) 


The sequence of reactions which occurs when 3 ,4-dihydroxyphenylalan- 
ine is oxidized in the presence of tyrosinase is now considered to be as in 
the accompanying diagram (1, 2). This process has been reported to 
require from 3.2 to 4.12 atoms of oxygen per molecule of dihydroxyphenyl- 
alanine (3-5). Detection of the carbon dioxide which should be evolved 
during this reaction sequence has not, to our knowledge, been reported. 
In the present study the oxygen consumed under varying conditions of 
pH, enzyme concentration, and buffer salts has been determined; carbon 
dioxide evolved under corresponding conditions but at a fixed pH, 5.1, 
was also measured. The results were found to support and extend the 
above concept of melanogenesis. 


EXPERIMENTAL 


The measurements of gaseous exchange were made with Barcroft type 
differential manometers fitted with side arm flasks of approximately 18 
ml. capacity. The reagents in each flask included 0.2 ml. of 10 per cent 
KOH or buffer in the central well. The fluid volume was brought to 3.0 
ml. by employing 2.3 ml. of buffer containing 0.65 mg. of dihydroxyphenyl- 
alanine (3.3 X 10-* mole) and 0.5 ml. of tyrosinase in distilled water (side 
arm). Further details of the manometric technique have been given in a 
previous paper (6). Carbon dioxide was determined by difference in the 
apparent oxygen consumption in the presence and absence of KOH, prop- 
erly corrected by the CO, factor. By experiment it was shown that 
no carbon dioxide was retained as bicarbonate at pH 5.1. 

The tyrosinase employed in this study was purchased from the Tree- 
mond Company! and was labeled to contain 3500 catecholase units per 
ml. (8). 3,4-Dihydroxyphenyl-L-alanine and 3,4-dihydroxyphenyl-p1-al- 
anine were obtained from Hoffmann-La Roche, Inc. They melted at 


* For the preceding paper in this series, see Mason, H. S., Kahler, H., MacCardle, 
R.C., and Dalton, A. J., Proc. Soc. Exp. Biol. and Med., 66, 421 (1947). 

‘The enzyme was prepared according to the procedure of Mallette et al. (7) from 
the common mushroom (personal communication). 
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272-278° and 270-274° (corrected) respectively. Unless otherwise noted, of enz? 
the raceme was employed as substrate in the experiments described below, to 170 
The phosphate-citrate buffers referred to had the following compositions; | 132 
at pH 6.6, 0.273 m disodium phosphate and 0.027 M citric acid; at pH 7.4, | tyrosil 


0.305 m disodium phosphate and 0.012 M citric acid. Other buffers were sumed 
prepared from 0.2 m phosphate, citrate, and acetate solutions of the de- | 

sired pH by direct dilution. Measurement showed that dilution from 

0.2 to 0.1 mM caused a pH increase in the phosphate buffers of less than | 
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0.1 unit, and in the citrate buffer, 0.2 unit. Dilution of from 0.2 to 0.01 |  droxy; 
M caused a pH increase of 0.2 to 0.3 unit in the phosphate buffers, and 0.4 phate 


unit in the citrate buffer. The acetate buffer was not affected by dilution pH 6.6 


° . *y° mr oy . em 
in the range of pH and concentration utilized. The effect of dilution upon oe 
hydrogen ion concentration must be taken into account in interpreting 
Figs. 2, 5, 7, and 8. Buffer concentrations are given below in terms of ieee 
final values in the reaction vessels. « ph 
Results units 
° . 7 : sumer 
Fig. 1 shows the results obtained when 0.65 mg. of dihydroxyphenyl- pon 
alanine was oxidized in the presence of increasing amounts of enzyme at nara, 


pH 7.4 and 6.6. In 0.164 m phosphate buffer (pH 7.4) concentrations 
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of enzyme between 22 and 175 units catalyzed the consumption of oxygen 
to 170 ul. in 240 minutes; with 11 units the oxygen consumption dropped 
to 182 wl. In phosphate-citrate buffer at the same pH, increasing the 
tyrosinase concentration from 11 to 44 units increased the oxygen con- 
sumed in 240 minutes from 130 to 170 ul.; further increase of enzyme 
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Fic. 1. The oxygen consumed during the enzymic oxidation of 0.65 mg. of dihy- 
droxyphenyl-p-alanine with increasing quantities of tyrosinase in (A) 0.164 m phos- 
phate buffer, pH 7.4; (B) phosphate-citrate, pH 7.4; (C’) 0.164 m phosphate buffer, 
pH 6.6; and (D) phosphate-citrate buffer, pH 6.6. The catecholase units of enzyme 
employed are indicated at each curve. The dotted lines show the volumes equiva- 
lent to 2 and 4 atoms of oxygen per molecule of dihydroxyphenylalanine, 


caused no further increase in oxygen consumption. At pH 6.6, in 0.164 
a phosphate buffer, increasing the enzyme concentration from 11 to 22 
units per 2.8 ml. of reaction volume caused an increase in the oxygen con- 
sumed at 240 minutes from 125 to 165 ul.; further increase of enzyme con- 
centration had no effect. In phosphate-citrate buffer at the same pH, 
increasing enzyme concentration to 44 units caused an increase of oxygen 
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consumed at 240 minutes to 155 ul.; further addition of enzyme had no 
effect. 

The influence of buffer concentration upon oxygen consumption at 
approximately neutral pH is shown in Fig. 2. In these experiments the 
initial tyrosinase concentration was 88 units per 2.8 ml. to insure that 
oxygen consumption would be independent of enzyme concentration (Fig. 
1). Fig. 2, A shows that, as buffer concentration was changed from 0.008 
mM (pH 7.6) to 0.164 m (pH 7.4) phosphate, the oxygen consumed at 240 
minutes increased from 145 to 170 ul. As the buffer concentration was 
similarly varied at approximately pH 6.6 (Fig. 2, B), the oxygen con- 
sumed at 240 minutes increased from 112 to 165 ul. 
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Fia. 2. The oxygen consumed during the oxidation of 0.65 mg. of dihydroxy- 
phenyl-pL-alanine in the presence of 88 units of tyrosinase with increasing concen- 
trations of phosphate (A) at pH 7.4 and (B) at pH 6.6. The dotted lines show the 
volumes equivalent to 2 and 4 atoms of oxygen per molecule of dihydroxypheny)- 
alanine. 


The effect of increasing enzyme concentration upon oxygen consump- 
tion and carbon dioxide evolution from 0.164 m phosphate buffer at pH 
5.1 is shown in Fig. 3. The buffer capacity of phosphate at this pH is 
very low, but checks before and after the experiments described showed 
no variation. At concentrations above 11 units per 2.8 ml., approximately 
74 ul. of oxygen (2 atoms per molecule of dihydroxyphenylalanine) are 
consumed rapidly (Curves A); a break in the consumption rate then occurs 
and the oxygen uptake continues at a much lower rate, but without reach- 
ing a definite limiting value within the period of observation, which ex- 
tended to 18 hours. When the central well of the reaction vessels con- 
tained buffer instead of KOH, carbon dioxide accumulated in the gaseous 
phase. Curves B represent the course of volume changes in these vessels. 
In the presence of 44 or more units of enzyme a volume change equal to 
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. consumption of approximately 74 ul. of oxygen took place rapidly. Little 
ri further change occurred in vessels containing 66 or more units of enzyme, 
_ indicating that the carbon dioxide produced equaled the oxygen con- 
ub 
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od Fic. 3. The oxygen consumed and the carbon dioxide evolved during the oxida- 
ly ) tion of 0.65 mg. of dihydroxyphenyl-pt-alanine in 0.164 m phosphate buffer, pH 5.1, 
“ty in the presence of increasing amounts of tyrosinase. The catecholase units of en- 
w€ ) syme are indicated on each graph. Curves A represent oxygen consumption, 


Irs Curves B the observed volume changes without absorption of carbon dioxide, and 
she Curves C the carbon dioxide evolution calculated from the difference between Curves 
a Aand B. The dotted lines show the volume of oxygen or carbon dioxide equiva- 
lent to 1 molecule per molecule of dihydroxyphenylalanine. 





yus a ; 
a | sumed. The carbon dioxide evolution calculated from these sets of curves 
pa showed that, in the presence of 22 or more units, approximately 55 ul. 


Were evolved in 240 minutes (Curves C). 
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The data in Figs. 1 and 3 referring to oxygen consumption at 240 min. 
utes in 0.164 m phosphate buffers as a function of enzyme concentration 
have been recalculated as atoms of oxygen per molecule of dihydroxy. 
phenylalanine in Fig. 4. This figure demonstrates that at 240 minutes 99 
or more units of enzyme catalyze the uptake of 4.6 atoms of oxygen at 
pH 7.4 under the conditions of the experiment; 44 or more units catalyze 
the uptake of 4.5 atoms of oxygen at pH 6.6 and 44 or more units catalyze 
the uptake of 3.4 atoms of oxygen at pH 5.1. 
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Fiac. 4. The atoms of oxygen consumed per molecule of dihydroxypheny]-p1- 
alanine with increasing tyrosinase concentration. The values were observed at 











240 minutes of oxidation of 0.65 mg. of substrate dissolved in 2.8 ml. of 0.164 m phos- | 
phate buffers of the indicated pH. 


The effect of buffer salts upon oxygen consumption and carbon dioxide 
evolution during the oxidation of 0.65 mg. of dihydroxyphenylalanine is | 
shown in Fig. 5. The enzyme concentration was fixed at 88 units and the | 
pH, 5.1, was held constant within the limits mentioned above. The | 
buffer concentrations were varied as indicated on each curve. In 0.016, | 
0.082, and 0.164 m citrate buffers the oxygen consumption at 240 minutes } 
was 122, 144, and 150 ul., respectively; the corresponding carbon dioxide | 
evolutions were 43, 64, and 78 wl. Measurements of gaseous exchange | 
in 0.016 M phosphate buffer at this pH were erratic, but at 0.082 and 0.164 
M, 110 and 124 ul. of oxygen were consumed and 49 and 55 ul. of carbon 
dioxide were evolved in 240 minutes. In the corresponding concentra- 
tions of acetate buffer the values observed were 106, 110, and 132 ul. of ! 
oxygen consumed, and 43, 48, and 58 ul. of carbon dioxide evolved. 

The effect of neutral salt is also depicted in Fig. 5. When reaction | 
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mixtures either 0.016 or 0.164 M in citrate were made up to 0.164 Mm in 
sodium chloride (pH 5.2 and 5.0, respectively), the rate of oxygen con- 
sumption throughout the peried of observation was depressed; at 240 
minutes 93 and 110 ul. were taken up. 

The effect of increasing buffer concentration upon the rate of carbon 


dioxide evolution from hallachrome? in the absence of enzyme was also 

































observed. Solutions of hallachrome were prepared by oxidation of di- 
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Fie. 5. The oxygen consumption and carbon dioxide evolution with increasing 
buffer concentration during the oxidation of 0.65 mg. of dihydroxyphenyl-p1-alanine 
at approximately pH 5.1 in the presence of 88 enzyme units. Buffer molarities are 
indicated on each graph. The effect of 0.164 1 NaCl upon oxygen consumption in 
citrate buffers is also shown. The dotted lines indicate the volume equivalent to 
2atoms of oxygen per molecule of dihydroxyphenylalanine. 


hydroxyphenylalanine with silver oxide (2, 3). Assuming quantitative 
conversion, concentrations were adjusted to 0.65 mg. of hallachrome per 
28 ml. of 0.016 and 0.164 M citrate buffers adjusted to exactly pH 5.1. 
The carbon dioxide evolved was followed manometrically. Fig. 6 de- 
scribes the results: carbon dioxide evolution from 0.164 M citrate solution 
was the more rapid. 

The presence of 0.001 m concentrations of cupric, barium, or calcium 
ions did not affect the rate of carbon dioxide evolution during the enzymic 


* When the term hallachrome is used in this paper, 2,3-dihydro-2-carboxyindole- 
5,6-quinone is indicated. 
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oxidation of dihydroxyphenylalanine in 0.016 m acetate buffer at pH 5,1. 
Mercuric ion at this concentration inhibited the consumption of oxygen, 
Zinc ion slightly catalyzed the evolution of carbon dioxide at a concentra. 
tion of 0.005 m under these conditions. 





20 T T T T T i] 














“10 ! i \ ! ! N 
O 40 80 120 160 200 240 
MINUTES 


Fia. 6. The non-enzymic carbon dioxide evolution from solutions of 0.65 mg. of 
hallachrome in 2.8 ml. of citrate buffers, Curve A, 0.164 m and, Curve B, 0.016 M, 
both adjusted to pH 5.1. 


No difference in the rates of oxygen consumption or carbon dioxide 
evolution was observed during the oxidation of dihydroxyphenyl-t-al- 
anine and dihydroxyphenyl-p.-alanine in 0.164 M acetate solutions at pH 
5.1 in the presence of 88 units of enzyme. 


DISCUSSION 


During the oxidation of a fixed weight of dihydroxyphenylalanine an 
increase in the concentration of tyrosinase, within limits, causes an in- 
crease in the amount of oxygen consumed within a given time (Figs. 1, 
3, 4). Increase in enzyme concentration beyond these limits results in no 
further increase in oxygen consumption. The rate of consumption of the 
first 2 atoms of oxygen per molecule of dihydroxyphenylalanine is generally 
too high to permit accurate measurements of the effect of enzyme con- 
centration upon it (Figs. 1, 3), but the rate and amount of oxygen con- 
sumed beyond this point may be satisfactorily determined. Since there 
is a range in which the amount and rate of oxygen consumption beyond 
the second atom is not affected by changes in enzyme concentration, it 
is probable that the velocity of a non-enzymic step is the rate-controlling 
factor. This step will presently be shown to be the decarboxylative rear- 
rangement of hallachrome. 

In the range of concentration in which the amount of enzyme limits 
the oxygen consumption, the behavior observed parallels that of catechol 
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(6) and is caused by inactivation of tyrosinase during the reaction. In 
Figs. 1, 3, and 4, it is shown that the amount of enzyme necessary to 
catalyze limiting oxygen consumption is influenced by the electrolytes in 
solution. 

In the presence of amounts of enzyme optimal for all conditions (88 
units) a variation of the ionic composition of the solution will also affect 
the rate and amount of oxygen consumed beyond the first 2 atoms (Figs. 
2,5). At low buffer concentrations either at pH 7.6 or 6.9 a break in 


| oxygen consumption rate is observed at 2 atoms of oxygen per molecule 


of dihydroxyphenylalanine. This is the amount of oxygen required to 
convert dihydroxyphenylalanine into hallachrome, and the speed with 
which it is consumed, in the presence of excess enzyme, together with 
the marked change of rate at the end of this phase, indicates that halla- 
chrome is formed quantitatively under the conditions utilized. 

The change in rate at 2 atoms of oxygen is more clearly demonstrable 
at pH 5.1 and can then be correlated with the initiation of carbon dioxide 
evolution (Figs. 3, 5). Accordingly, carbon dioxide must evolve after 
hallachrome is formed, in agreement with the hypothesis (1, 2). Fur- 
thermore in the presence of 66 or more units of enzyme Curves B of Fig. 3 
remain approximately level after the initial consumption of 2 atoms of 
oxygen, indicating that roughly 1 molecule of oxygen is being utilized 
for each molecule of carbon dioxide formed. This relationship shows that, 
in so far as the manometric method reveals, decarboxylation and rear- 
rangement of hallachrome take place simultaneously. 

The rates and amounts of oxygen consumed and carbon dioxide evolved 
are dependent not only upon enzyme concentration (up to optimal levels) 
but also upon the concentration and kind of buffer employed (Fig. 5). 
The slight increases of pH due to dilution of buffers discussed under ‘“Ex- 
perimental’? should increase oxygen consumption according to the results 
shown in Fig. 4, but the influence of electrolyte dilution in the opposite 
direction is apparently greater, because dilution of buffer solutions under 
these conditions caused a decrease in rate of both oxygen consumption 
and carbon dioxide evolution. 

The rate of carbon dioxide evolution observed in the presence of a series 
of citrate, phosphate, and acetate buffers has been plotted as a function of 
the concentration of unchanged hallachrome (Fig. 7). Linear relation- 
ships are found to hold, indicating that decarboxylation is a reaction of the 
first order with respect to hallachrome concentration. By plotting the 
specific first order rate constants so derived against anion concentration 
an approximately linear relationship is again found (Fig. 8). No regu- 
larity is observable if the specific rate constants are plotted against cation 
concentrations. The decarboxylative rearrangement of hallachrome is 
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accordingly subject to general base catalysis, but the analysis cannot 
be carried farther in terms of the Bronsted law because of the depressiy; 
action of neutral salt upon the rate of formation of hallachrome (Fig. 5) 
In the latter connection, Lea (9) has reported an inhibiting effect of NaC) 
on melanin formation. The present results indicate that the effect js 
probably due to the influence of chloride ion upon enzymic steps in the 
melanogenic sequence. 
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Fia. 7. The first order character of the decarboxylation of hallachrome, from 
the data of Fig. 5. Carbon dioxide evolution is expressed as moles of unchanged 
hallachrome. The molarity of the buffers is indicated on each curve. 


The effect of anions upon the decarboxylative rearrangement of halla- 
chrome does not involve the presence of a decarboxylase in mushroom 
tyrosinase, because the same effect occurs in the absence of enzyme (Fig. 
6). In the absence of a catechol oxidase, however, hallachrome may be 
reduced by the products of its own rearrangement; this loss of hallachrome 
is reflected in a low rate of carbo~ dioxide evolution. In addition to the 
anion effect upon non-enzymic decarboxylation, increase of enzyme con- 
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centration beyond 22 units per reaction volume at pH 5.1 failed to in- 
crease the rate or amount of carbon dioxide evolved (Fig. 3). 

The oxygen consumed when dihydroxyphenylalanine is oxidized in the 
presence of tyrosinase has been measured by Enselme and Vigneau (5) 
and Raper and coworkers (3, 4). The highest value reported was 4.1 
atoms per molecule, observed at pH 8 as an unchanging quantity. In 
this study higher values were observed. The atoms of oxygen consumed 
and the molecules of carbon dioxide evolved per molecule of dihydroxy- 
phenylalanine in the presence of excess enzyme have been calculated from 
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Fic. 8. The relationship between specific rate constants of hallachrome decar- 
boxylation in citrate, phosphate, and acetate buffers and anion concentration, 
calculated from the data of Fig. 7. 


the data given above and are listed in Table I as functions of pH and buffer 
concentration. At 240 minutes from 2.9 to 4.6 atoms of oxygen were 
required; at pH 5.1 the carbon dioxide evolution amounted to 0.6 to 1.0 
molecule. Gaseous exchange continued beyond this time and at 18 
hours much higher values were observed, but these reflected respiration 
of microorganisms to an undeterminable extent. In general, increasing 
pH led to higher oxygen consumption. Increasing buffer concentration 
led to both higher oxygen consumption and carbon dioxide evolution. 
The amounts of oxygen required and carbon dioxide set free limit struc- 
tures assignable to melanins formed by the enzymic oxidation of dihydroxy- 
phenylalanine. In the present investigation the extent of gaseous ex- 


change was dependent upon time and the electrolytic nature of the solution 
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even in the presence of excess enzyme. Utilization of more than 4 atoms 
of oxygen per molecule was readily realized (Fig. 4), but the point at which 
enzymic oxidation stopped and autoxidation commenced is not determin. 
able from the data, nor is the point, if any, at which the polymeric prod. 
uct reaches its greatest complexity and commences to break down into 
simpler substances. Dopa melanin cannot therefore be regarded ag 
homogeneous reaction product, the composition of which is independent 


TaBLeE I 
Atoms of Oxygen Consumed and Molecules of Carbon Dioxide Evolved per Molecule 
of Dihydroryphenylalanine 


Varying pH and buffers but enzyme concentration fixed at 88 units per reaction 
volume of 2.8 ml. 
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of conditions of preparation. These conditions should therefore be spe- 
cified precisely in any study of the structure of melanin to permit repro- 
ducibility of the substance under investigation. 


SUMMARY 


1. Increase in tyrosinase concentration causes increase in over-all oxy- 
gen consumption during the enzymic oxidation of dihydroxyphenylala- 
nine only within limits. Further increase leads to no further increase in 
oxygen consumption at a given time. 
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2. The electrolytic composition of the solution influences the amount of 


enzyme necessary to catalyze limiting consumptions of oxygen, as well as 
the total consumption of oxygen and evolution of carbon dioxide. 


3. The decarboxylative rearrangement of hallachrome is base-catalyzed 


and controls the rate of oxygen consumption beyond the 2nd atom. 


4, At 240 minutes under the conditions employed 2.9 to 4.6 atoms of 


oxygen were consumed and 0.6 to 1.0 molecule of carbon dioxide was 
evolved per molecule of dihydroxyphenylalanine. 


sO or Se WD 
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THE REACTION OF ACETYLCHOLINE AND OTHER CARBOX- 
YLIC ACID DERIVATIVES WITH HYDROXYLAMINE, 
AND ITS ANALYTICAL APPLICATION* 


By SHLOMO HESTRINT 


(From the Department of Neurology, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, February 24, 1949) 


In spite of its physiological importance acetylcholine has been deter- 
minable chemically only after isolation by time-consuming procedures. 
Of necessity workers in this field have resorted to pharmacological bio- 
assays Whose specificity seems open to doubt. The finding that choline 
is readily acetylated by the action of a coenzyme-linked enzyme system 
in which adenosine triphosphate serves as an energy source (1) lends 
added interest to the development of adequate analytical procedures for 
acetylcholine. 

This communication concerns certain properties of the interaction of 
acetylcholine with hydroxylamine, and the means of using this reaction, 
RCOOR’ + H:NOH — RCONHOH + R’OH, for the quantitative de- 
termination of acetylcholine. Feigl, Anger, and Frehden (2) have de- 
scribed the use of hydroxylamine as a spot test reagent (cf. also (3)). 
Lipmann and Tuttle (4) have based a specific quantitative method for the 
acyl phosphates on their ability to react with hydroxylamine in water 
at pH 6. Hill (5, 6) has used the reaction of esters with hydroxylamine 
at alkaline pH in anhydrous solvents to determine long chain fatty acid 
esters (cf. also (7)). The present method, which is designed for use with 
short chain O-acyl derivatives, is based on the finding that hydroxylamine 
at an alkaline pH in water rapidly converts acetylcholine stoichiomet- 
rically to hydroxamic acid throughout a wide range of ester concentration. 
The specificity of the reaction as between esters and products of their 
hydrolysis and its rapidity and technical simplicity have afforded an 
analytical method which is adaptable to widely different conditions. 

Hydroxylamine has been employed as a trapping reagent for acyl an- 
hydrides in mixed enzyme systems by Lipmann and Tuttle (8) and others 
(9-11). Chantrenne (12) has shown that hydroxylamine at pH 7.1 also 
traps carboxylic acid esters. Experiments reported below evaluate the 


*This work has been carried out under grants from the United States Public 
Health Service and the Office of Naval Research. 
t Present address, The Hebrew University, Jerusalem. 
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effect of reactant concentration and pH on the rate of this reaction in the 
case of acetylcholine. 


Method 


Reagents— 

1. Hydroxylamine. Hydroxylamine hydrochloride, 2 mM. The solution 
should be stored in the cold. 

2. Alkali. Sodium hydroxide, 3.5 N. 

3. Acid. Concentrated hydrochloric acid, sp. gr. 1.18, diluted with 2 
parts by volume of water. 

4. Iron. Ferric chloride, 0.37 m, in hydrochloric acid, 0.1 N. Reagent 
iron chloride, ferric (FeCl;-6H,O), crystals, of Merck and company was 
used. 

5. Standard solution. Acetylcholine chloride, 0.004 m, in sodium ace- 
tate solution, 0.001 n, of pH 4.5. This standard may be kept in the 
refrigerator for a fortnight without measurable loss. 

Procedure for Determination of Acetylcholine and Related E'sters—Alkaline 
hydroxylamine reagent is prepared freshly before use by mixing equal 
volumes of Reagents 1 and 2. The mixture keeps for about 3 hours at 
room temperature./ 2 ml. of alkaline hydroxylamine reagent are added 
in a test-tube to 1.0 ml. of the solution to be analyzed. After at least 1 
minute, or longer if desired, the pH is brought to 1.2 + 0.2 with 1.0 ml. 
of acid, and 1.0 ml. of the iron solution is added. The density of the 
purple-brown color is promptly determined at 540 mu. Formation of gas 
bubbles in the colorimeter cell is avoided if the mixture has been swirled 
adequately after the addition of each component. Solutions too dark to 
read are brought to suitable density by diluting with ferric chloride, 0.074 
M, in 0.1 n hydrochloric acid. If the color reading is low, the analysis 
may be carried out on a larger ester aliquot (up to 2.5 ml.) with reagents 
of a suitably higher concentration. Correction for non-specific color is 
made by repeating the procedure as described, except that the order of 
addition of hydroxylamine, alkali, and acid is reversed. With this order 
of addition of the various components, esters do not form any hydroxamic 
acid. 

Protein in the sample analyzed is generally precipitated when the acid 
and iron additions are made and may be removed either by filtration or 
brief centrifugation. Formation of a flocculent precipitate may be has- 
tened by the addition of trichloroacetic acid. 

The extinction, after being corrected for non-specific absorption, 1s 
converted to concentration with the help of a proportionality factor which 
is found by applying the same procedure to a standard solution. When 
buffer is present in the unknown, the strength of the added acid component 
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should be adjusted to compensate for the effect of the buffer on the pH 
If the ester sample contains iron-binding buffer salts, an increase in the 
iron concentration may be used to insure the maximum development of 
color. If necessary, a correction is applied for the effect of buffer salts on 
the optical density. In a case in which the color density of the blank is 
undesirably high, the efficacy of lower iron concentration or lower final 
pH than indicated as a means of reducing the relative color density of the 
blank should be determined. 

The upper limit of measurement exceeds 5 um and the lower limit is 
about 0.04 uM of ester per ml. of final solution. 


Results 


Except in so far as specified below, the conditions described under the 
procedure were used. 

The reaction with hydroxylamine was carried out in 2 minutes at room 
temperature in solutions which contained (micromole per ml.) 660 of 
hydroxylamine, 660 of sodium chloride, 500 of sodium hydroxide, and 2 or 
less of ester. An aliquot of 3.0 ml. was brought to pH 1.0 with 1.0 ml. 
of hydrochloric acid and to a final iron concentration of 37 um per ml. 
with 1.0 ml. of ferric chloride, 0.185 M, in 0.1 N hydrochloric acid.!. The 
density of color was measured immediately to minimize error from fading. 
The Klett-Summerson photoelectric colorimeter was used with green filter 
No. 54. Extinction values were corrected for the blank absorption. 

Observations on Ferric-Acethydroxamic Acid Complex—The color of the 
ferric complex of acethydroxamic acid is analyzed by Fig. 1. In the 
range X = 520 to 540 my, little or no absorption is shown by ferric chloride, 
while absorption by the ferric-acethydroxamic acid complex is nearly 
maximum. As is shown by Fig. 2, the color density is essentially inde- 
pendent of pH between 1.0 and 1.4 and dacreases with pH between 
10 and 0.6. The color o‘ten faled somewhat on standing. The stability 
appears to depend on pH. In one experiment, for instance, fading ac- 
counted for about 5 per cent of the initial color after 10 minutes at pH 
1.0, and for about 12 per cent at pH 1.4. The red color formed by acetic 
and propionic acids with ferric chloride was found to be relatively weak 
at any pH and was suppressed completely at pH 1.2. As much as 7 mm 
of sodium acetate or propionate showed no color and failed to alter the 
color reaction given by 2 uM of acetylcholine chloride at this pH. Choline 
chloride in amounts up to 3.5 mm failed to affect significantly the reaction 


obtained with acetylcholine in the absence or presence of propionate or 
acetate. 


‘Tt was eventually found that 74 um of iron per ml. would have been preferable 
forthe analysis. 
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The variation of color density with iron concentration is illustrated by rang 
Curve 1 of Fig. 3. Since considerable molar excess of iron is needed for ditio’ 
full color development, and since the approach to maximum color is asymp- inter: 


totic, the dissociation tendency of the ferric-acethydroxamic acid complex | Fo 
must be fairly high at the pH used (cf. (13)). With an iron concentration veloc 

















of 74 uM per ml. as used in the procedure, the color may be estimated to be be m 
about 94 per cent of maximum. | 
Absorption by ferric chloride blank solutions containing iron concen. | 100 
trations of 37 or 74 um per ml. was at the most equivalent to 0.02 to 0.03 
0.6; sad 
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Fia. 1. Absorption of visible light by ferric-acethydroxamic acid complex. Acethy 
droxamic acid formed from 1.5 um of acetylcholine in 5.0 ml. of final solution 


2xtinction determined with the Beckman spectrophotometer. x, reagent blank; Fie 
O, total extinction; broken line, absorption by ferric-acethydroxamie acid complex adjust 
(calculated by difference). } Color \ 

from 3 


uM of ester per ml. of final mixture when measured with a Beckman spec- Fic 
trophotometer and to 0.03 to 0.04 ua when measured with the Klett | concen 


instrument. With 150 uM of iron, absorption by the blank solution was } final 
nearly twice as high. | orthop 

The inhibitory effect of certain iron-binding anions (phosphate, sulfate, aR 
fluoride, oxalate) on the color reaction has been noted by Lipmann and least ? 
Tuttle (4). Further information concerning the phosphate effect is pro- ) thiees 
vided in Fig. 3. The convergence of the curves corroborates the view that | inetan 


phosphate exerts an inhibitory effect on the reaction, because it competes | ypiap 
with hydroxamic acid for iron. The data show that the effect of phos- dints 
phate is suppressed completely if a suitable excess of iron is allowed. | amic 
Under the conditions described in the procedure, the interfering effect O! | oonig 


a total of 50 um of phosphate was not more than 3 per cent in a tested Rep 
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' range of 0.2 to 2.0 uM of ester in 5 ml. of final mixture. In the same con- 
r ditions, 50 to 200 um of sulfate or 100 um of borate produced little or no 
" interference. 


Formation of Acethydroxamic Acid in Strongly Alkaline Solution—The 
" | velocity of reaction in the standard reagent was very great and could not 
| be measured. The maximum yield of hydroxamic acid was found after 1 
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) Color was developed in a solution of 5.0 ml. containing the hydroxamic acid formed 
from 3 um of acetylcholine. 
ec- | Fic. 3. Phosphate inhibition of color reaction at varying iron and phosphate 
lett concentration. Solutions contain 0.7 microequivalent of acetylcholine per ml. of 
was | final mixture. Curves 1 to 4 correspond to solutions with 0, 10, 30, and 50 ym of 
orthophosphate per ml. 
ae, } minute at room temperature and remained constant thereafter for at 


and » he . . . 
mC’) least 5 hours. When applied to an enzyme reaction system, the alkaline 


Po") reagent thus brings about both the rapid inactivation of the proteins and 
hat | instantaneous transformation of the ester in the sample to a product 
~” which can conveniently be stored before it is determined. This finding is 
a of interest in regard to the mechanism of the reaction. Since the hydrox- 
ved. 


} amic acid level stays constant, the reaction in alkaline medium must be 
considered essentially irreversible. 
Representative results relating acetylcholine concentration to color in- 
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tensity are plotted in Fig. 4. The yield of hydroxamic acid is shown 
to be a direct function of acetylcholine concentration. Similar results 
were found also with other esters tested; e.g., propionylcholine, triacetin, 
and ethyl acetate. 

It is noteworthy that the concentration density curves all pass through 
zero and that the yield of hydroxamic acid at termination of reaction js 
independent of the pH of reaction within a wide range (pH 9.2 to 13.3), 
Hydroxylamine buffered with sodium carbonate to pH 9.2 has been used 
by us in fact to determine acetylcholine in the presence of eserine. The 
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Fic. 4. Density of color as a function of acetylcholine concentration. Curves 
1 and 2 were obtained with a Klett photoelectric colorimeter, Curve 1 with ordinary 
reaction conditions; Curve 2 with hydroxylamine at pH 9.2 and allowing 60 minutes 
for completion of the reaction of acethydroxamic acid formation. Curve 3 was 
obtained with a Beckman spectrophotometer at \ = 540 my on a solution layer of 
1.0cm. The iron concentration was 37 um per ml. in every case. 


fraction of acetylcholine which undergoes hydrolysis in the presence of the 
hydroxylamine reagent could only be either negligibly small, or, alterna- 
tively, constant for a wide range of pH and ester concentration. The 
latter alternative appeared unlikely. When the hydroxylamine concen- 
tration was raised from 0.66 to 1.0 M, the end yield of hydroxamic acid 
remained unchanged. This supports the conclusion that the transforma- 
tion of acetylcholine in alkaline medium proceeds with much greater 
rapidity in the direction of hydroxamic acid formation than in the direc- 
tion of hydrolysis, since hydrolysis, if significant, would have become 
evident in the form of diminished yield of hydroxamic acid at the lower 
hydroxylamine concentration. 


Factors Affecting Formation of Hydroxamic Acid in Physiological pH Range 


pH—The effect of the pH on the rate of reaction of acetylcholine with 
hydroxylamine is illustrated by the experiments summarized in Table | 
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The data show that the reaction is slow but eventually complete even at 
pH 6.4 and that the rate rises with increasing rapidity as the pH is in- 
ceased. The controlled use of hydroxylamine as a trapping agent is 
dependent on recognition of this réle of the pH. To trap esters as well 


TABLE I 
Effect of pH on Reaction of Acetylcholine with Hydrorylamine 
Concentration of hydroxylamine and acetylcholine, 800 and 2.1 um per ml. pH 
ajjusted with sodium carbonate. Temperature 37.5°. Aliquots of 2.5 ml. were 
| brought to pH 1 at the times specified and analyzed for hydroxamic acid in a final 


| volume of 5ml. The initial reaction rates were found by extrapolation. 








Hydroxamic acid in microequivalents of acetylcholine after 








pH oe as sccisign eden eae ee = Initial rate of 
Pa Pee ee a Neh de, eeoeen Ee One 0 | 1390 | «>see 
| 2 min. | 5 min. |10 min. 15 min. 190 min. a min. | eral sate | min. | 
| | | um X 100 
| | } per min. 
6.4 | | | | | 1.50|3.08|4.60 | 1.2 
7.3 | | 0.76 | 1.57 | 3.15 | 4.95 | | 5.2 
8.1 | 2.15 | 4.20 | 5.15 | 5.15 | 14.3 
9.0 | | 1.44 | 2.90 | 5.15 | 5.20 | 29.0 
| 9.6 | 2.29 | 4.45 | 4.95 | 5.15 | 5.15 | | 114.5 
TaBLeE II 


Formation of Hydroxamic Acid at Various Concentrations of Neutral Hydrorylamine 


Hydroxamic acid formed from 5.6 ua of acetylcholine in 2.5 ml. of reaction mixture 
containing the indicated concentrations of hydroxylamine at pH 6.9. Temperature 
37°, 


Cbetion Hydroxamic acid in microequivalents of acetylcholine after | etontne ) x () 

(a) eet ear emnnnT eieire?ta ear ican ~~ 103 
35 min. | 60 min. 120 min. | 800 min. : 

uM per mi. | | min. | 
3200 4.57 | 5.57 | 5.37 | a 
1600 | 3.47 | 4.67 | 20 32 
300 2.09 3.46 | 5.76 | 40 | 32 
400 | 0.98 | 1.93 | 4.58 34 
200 | pa” aa 


2.31 | 325 65 





as other reactive acyl derivatives, the pH of the mixture should be adjusted 

to the maximum value compatible with maintenance of the enzymatic 

activity; to trap acyl anhydrides selectively, the pH should be lowered. 
Concentration of Hydroxylamine—The effect of the concentration of 





hydroxylamine is shown in Table II. In this experiment the concentra- 


of hydroxylamine to acetylcholine exceeded 90 throughout. The time 
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required for 25 per cent conversion of acetylcholine to hydroxamic acid jg 
found to be an inverse linear function of the hydroxylamine concentration 
between 0.4 and 3.2 mM. With high hydroxylamine concentrations, the 
yield of hydroxamic acid rapidly approached a maximum which did not 
differ from that found with the same quantity of acetylcholine in alkaline 
reagent. With the lowest concentration of hydroxylamine tested, on the 
other hand, the reaction became very slow at a stage in which a major 
part of the acetylcholine had not yet reacted. This result is consistent 
with the conclusion of Chantrenne (12) that the selectivity of hydroxyl- 
amine as a trapping reagent for acyl anhydrides is improved if the concen- 
tration of hydroxylamine is lowered. 


TaBLeE III 


Formation of Hydroramic Acid at pH 7.1 from Various Concentrations of Acetylcholine 


A solution containing hydroxylamine 0.61 mM, choline chloride 1.35 m, and sodium 
acetate 1.35 M was incubated at pH 7.1 and 37.5° with acetylcholine in the specified 
concentrations. At the times indicated, 1.0 ml. aliquots were brought to pH 1.0 
and analyzed. Slight formation of hydroxamic acid occurred by reaction of hydrox 
ylamine with free acetate. The values reported have been corrected for this side 
reaction. 


: ' Hydroxamic acid in microequivalents of acetylcholine after 
Concentration of 
acetylcholine 


15 min. 0 min. 120 min. 
uM per mil. 
8.8 1.10 4.14 6.12 
4.4 0.62 1.99 2.70 
2.2 


0.31 0.98 1.39 








Concentration of Acetylcholine—The course of the reaction with varying | 
initial concentrations of acetylcholine is illustrated by Table III. The | 
data show that the velocity of reaction in excess of hydroxylamine is a | 


direct function of acetylcholine concentration. 


Specificity" 


O-Acyl Derivatives—Findings with a randomly assembled collection of | 
| 
O-acyl substances, including thirty-five esters and a few lactones and | 


anhydrides, are shown in Table IV. It is evident that a number of the 
esters fail to respond to the test in its present form. 
The data suggest that the molar color yield of esters remains independent 
within certain limits from the chain length of the acid radical. Thus, 
2] am much obliged to Dr. D. Shemin and Dr. H. Waelsch for amino acid and 


peptide esters, to Dr. D. Rittenberg for cholesterol esters and diacetylglycine diketo- 
piperazine, and to Dr. J. Aeschlimann for miscellaneous groups of esters. 
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TaBLe IV 
Chromogenic Activity of O-Carborylic Acid Derivatives 
Tests were carried out with approximately 5 uM of the substance, allowing a reac- 
tion time of 4 minutes. Water-insoluble substances and anhydrides tested were 
added to the reagent in 0.1 ml. of methanol. The latter does not affect the color 
reaction at this concentration. 


te hromogenic activity per 
O-acyl equivalent relative to 
acetylcholine = 100 


Esters of simple monoearboxylic acids 


Ethyl formate ; Pe 36 
n-Propyl formate oath 4] 
Ethyl acetate Sia ie. 97 
Triacetin. . . cuits Glen ee : 98 
Glucose pentacetate roe : 110 
8-Dimethylaminoethyl acetate o 116 
Acetyl-8-methylcholine (mecholyl) 107 
Cholesteryl acetate : 0* 
Ethyl propionate 95 
Propionylcholine 101 
Butyrylcholine , 7 
Tributyrin 95 
Methyl butyrate 87 
Cholesteryl butyrate ; 0* 
Ethyl n-caprylate t, 5 ea 78 
Peanut oil. : De HOR Pear 0 
Sorbitan oleate (Tween 80) PE Pn Rear 0 
Tripalmitin. . . jae alate SRd vole a eae eee, Bie ee Ot 





Esters of complex 0 or cy cyclic monocarboxylic acids 


MU MWORBORLE ... «inode leeeits She wht. seme ts 97 


Methyl p- hydroxybensoate. | ee eee ee 28 
p-Aminobenzoic acid ester of 2, 2-dimethyl-3-diethylamino- 
nh.) Pere ee em yt Acie 5 

Y-Pyrrolidonecarboxylyl-p-aminobenzoic acid ester of eth. 
anol , See ly Ae ee Se. ee bar 106t 

\- spyrtolidonec arboxylylelyeine ester ~ ethanol. . outs 75 
dl-Tropic acid ester of 3-diethylamino-2, 2-dimethylpropanol 
(syntropan)... ay re Uae 58 

y-Ethyl ester of wituiabe acid tage per! 7 

Carbethoxylanylglycine . ae 0 

Dimethyl carbamic acid ester of 3- hy droxy pheny Itrimethyl 
ammonium bromide (prostigmine)................ 50% i 0 

IE MIMI... 01, hn, ac pan Ch tasted a eilemeauiiaets oa 0 

Ethyl ester of 4-phenyl-1-methyl-4-carboxylpiperidine (dem- 
erol) oe 0 
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TaBLE [V—Concluded 





Chromogenic activity per 
O-acyl equivalent relative to 
acetylcholine = 100 
Polyesters of polycarboxylic acids 

Diethyl oxalate Le astamee 23 

* malonate. : 58 

a succinate 66 

” oxalacetate. . et¥ 538 
Carbethoxyalanylglycine ethyl ester. - 10 
Triethy! ester of y-glutamylglutamiec acid ; 12 

Lactones 
O-Coumaric acid lactone (coumarin) | 85t§ 
@-Pantoy! IACtOne ......665 eis i icicaiecs.s Gers. Sie 106 
Carboxylic acid anhydrides 

Benzoic acid anhydride. .. Peete Ce 100t 
Succinie “ - : Ena aueteesen saat 97 


Phthalic “ si 3. 65§ 
* Failed to dinectve. 
+ Mixture warmed to dissolve. 
t Greenish. 
§ Color fades rather rapidly. 
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esters of acetic, propionic, and butyric acids, provided that they could be | 


dissolved in the reagent, all yielded an equivalent amount of color (cf. 


(4)). Two formic acid esters and a caprylic acid ester, however, gave | 


lower readings. On the other hand, the fat specimens, i.e. esters of long 
chain fatty acids, failed to yield the color reaction under the same condi- 
tions. This finding is noteworthy in connection with the proposed applica- 


tion of the reagent in the presence of blood or tissue preparations. Long | 
chain fatty acid esters are able to form the characteristic color with ferric | 


iron if the reaction with the hydroxylamine is carried out with warming 
in an anhydrous organic solvent (5, 7). 

As is to be expected, substituents of the acid radical may influence the 
color yield. The tested carbamic acid esters, for example, failed to yield 


the color. With suitably placed polar groups in the acid radical, more- | 


over, pronounced depressant effects on the color yield were observed; 
e.g.. —NH, or —OH in the para position in the benzoyl esters. The 


relatively low chromogenic activity per ester linkage of total esters of the | 


polycarboxylic acids provides a further example of the effect of a rival 
polar group. 
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Esters of short chain fatty acids containing widely different alcohol 
radicals reacted with the hydroxylamine reagent apparently with equal 
facility. Only the two cholesterol esters, neither of which could be dis- 


| solved in the reaction mixture, failed to react. Lactones, i.e. internal 


esters, reacted in the manner of ordinary esters. Carboxylic acid an- 
hydrides, a group known to react readily with hydroxylamine at acid pH, 
reacted readily also with the alkaline reagent. 

N-Acyl Derivatives and Other Compounds—Bergmann, du Vigneaud, and 
Jervas (14) have directed attention to the marked activity of diacetyl- 
glycine diketopiperazine as an acetyl donor for amino acids. In the 
conditions of the ester assay, this substance reacted almost quantita- 
tively with hydroxylamine (chromogenic activity per acetyl = 90). Com- 
parable reactivity with hydroxylamine on the part of an N-acyl deriva- 
tive appears also to be exhibited as the B-lactam group of penicillin and 


has been used in fact for the determination of penicillin (15). 
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Other N-acyl derivatives tested, including amides (acetamide and as- 
paragine), acylated amino acids (acetylglutamic, acetylphenylalanine, hip- 
puric, and pantothenic), peptides (glutathionone and a-glutamylglutamic 
acid), alanine diketopiperazine, acetylglucosamine, and acetylsulfathiazole 
failed to yield a significant amount of color (chromogenic activity per 
acyl group <3) in the conditions which permitted the quantitative reac- 
tion of O-acyl derivatives (reaction time 1 minute at room temperature). 

It should be noted that hydroxylamine reacts fairly readily with certain 
ketonic substances. The resulting oximes may yield a color reaction (9). 
Comparatively large amounts of sodium formate, acetate, propionate, 
and barbiturate failed to form color and did not interfere with acetyl- 
choline estimation. Adenyl pyrophosphate, tetraethy] pyrophosphate, as- 
corbic acid, betaine, and gelatin in a concentration of 0.2 mg. per ml. of 
color solution did not form any color. Cysteine forms a blue ferric com- 
plex, which fades rapidly to green. An interference by cysteine in the 
measurement of acetylcholine was only encountered at cysteine concen- 
trations greater than 20 um per ml. of final solution. 


DISCUSSION 


The method which has been described here was primarily designed for 
the estimation of acetylcholine synthesis by choline acetylase. It is par- 
ticularly suited for determination of ester synthesis in the presence of an 
excess of products of ester hydrolysis. Actually the method has proved 
convenient not only for choline acetylase, but equally for cholinesterase, 


assay. 


Colorimetric measurement of esterase activity in terms of disappearance 
of acetylcholine supplements the known manometric and titrimetric assay 
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techniques, which are based on measurement of the acid formed. Iden. 
tical results were found when acetylcholine hydrolysis in bicarbonate buffer 
was determined colorimetrically and manometrically. Since the reaction 
rate of hydrolysis is measured in the colorimetric method from the dif- 
ference of successive decreasing readings, the colorimetric procedure js 
relatively inaccurate, while the fraction of substrate hydrolyzed is small, 
but provides an accurate and convenient means for following the total 
course of the hydrolysis reaction. The compensating merit of the colori- 
metric method is its adaptability to widely different experimental condi- 
tions. The reaction kinetics of esterase can be studied by this method 
with a uniform procedure over a wide range of pH, substrate, and enzyme 
concentration, in almost any buffer and not merely in bicarbonate, and 
in systems in which acid or alkali is formed in the course of the experiment 
by a concomitant side reaction. The method has been employed to 
determine the equilibrium constant of acetylcholine hydrolysis. Experi- 
ments which show these applications are to be described in forthcoming 
communications. 

Since a variety of carboxylic acid derivatives react with hydroxylamine, 
the range of the processes for which the method may offer a rapid and 
simple technique of determination is wide. Interesting possibilities are 
apparent in connection with the use of hydroxylamine to determine blood 
and tissue concentrations of drugs which have the structure of esters, 
e.g. coumarin. Acetylcholine added to human blood serum or to hemol- 
ysate of red blood cells was recovered analytically without loss. Hy- 
drolysis of the added ester in these media could be followed readily. The 
serum and hemolysate blank colors were negligible. The proteins were) 
precipitated by the reagent mixture at acid pH and removed by filtration | 
without retention of hydroxamic acid in the precipitate in an absorbed 
form. 

Hydroxamic acid formation takes place in absence of adenosine triphos- 
phate when hydroxylamine is added in adequate concentration together 
with fatty acid to a liver homogenate (8, 12). Lipmann (16) has sug- 
gested that this acylation is mediated by lipases (esterases). The observa- 
tion that esters readily acylate hydroxylamine in a physiological range of 
pH made it possible to assume that esters, synthesized by reversible es- 
terase activity, could have played an intermediary réle in the hydroxamic 
acid formation (12). The conclusion that esterases mediate the N-acyla- 
tion directly has, however, been supported by experiments, as yet unpub- 
lished, which have shown that hydroxamic acid is formed when purified 
acetylcholine esterase is incubated with hydroxylamine and sodium 
acetate. 
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SUMMARY 


1. A rapid micromethod for short chain carboxylic acid esters, lactones, 
and anhydrides is based on their ability to react with hydroxylamine 
quantitatively in an aqueous alkaline solution. 

2. Acetylcholine may be determined by the method in the presence of 
large excess of acetate and choline. 

3. Conditions which determine the scope of action of hydroxylamine 
as a trapping reagent have been investigated. 


It is a privilege to thank Professor D. Nachmansohn for his kind in- 
terest and advice in the conduct of the investigation. The technical as- 


| sistance of Mrs. Emily Feld-Hedal is acknowledged gratefully. 
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CHEMICAL ESTIMATION OF VITAMIN E IN TISSUE AND THE 
TOCOPHEROL CONTENT OF SOME NORMAL 
HUMAN TISSUES* 


By MARY LOUISE QUAIFE anp MEI YU DJU 


(From the Research Laboratories of Distillation Products, Inc., Rochester, New York) 
(Receiver ior publication, December 29, 1948) 


A method for the cheniucal assay of vitamin E in animal tissues is de- 
scribed here which appears to be accurate and precise and to give values 
for biologically active tocopherol. It is based on the procedure previ- 
ously described for vitamin E in foods (1) with certain modifications. In 
addition, the vitamin E content of a number of tissues from normal humans 
of both sexes has been determined and is presented. 

The method of analysis for vitamin E in foods consists of the following 
steps: (1) vacuum dehydration from the frozen state; (2) homogenization; 
(3) extraction of vitamin E (and lipides); (4) concentration of vitamin E 
by molecular distillation; (5) removal of interference due to carotenoids by 
hydrogenation; (6) colorimetric assay for tocopherols. These steps were 
described in detail or referred to in a previous paper (1). For assay of 
animal tissues certain changes in the procedure are required. These 
changes and the reasons for them are given in the following section. 


Discussion of Method 


While the method which has been described for analysis of vitamin E in 
foods is considered satisfactory for materials of a low fat content, e.g. 
fruits, vegetables, cereals, it is not entirely satisfactory for those of a high 
fat, low tocopherol content, e.g. animal tissues. This refers chiefly to the 
methods of sampling, homogenization, and extraction. 

Preparation of Sample—For vegetables and fruits with high water and 
low fat content, it is very convenient to dehydrate in the frozen state 
prior to homogenizing in a mechanical grinder (Wiley mill). This reduces 
the bulk of the sample, with consequent concentration of tocopherol 
content, and facilitates grinding of the sample. It also speeds up the 
extraction step, since dehydration is a necessary preliminary to lipide 
extraction. 

However, for animal tissues these measures are not adequate. Since 
the water content is relatively low, little concentration of tocopherol 
is obtained. The dehydrated sample cannot be ground mechanically to a 
state of fine dispersion because of “smearing” due to high fat content. 


* Communication No. 141. 
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The required coarse grinding makes it difficult to obtain samples which 
are representative of the whole or which are equal in vitamin E content, 
As the coarse ground material is less penetrable to extraction solvents 
than that which is finely ground, a much longer extraction period is re- 
quired. These considerations are reflected in the higher coefficients of 
variation found for animal than for vegetable products when assayed by 
the food method (1). 

Homogenization—For ease of sampling, a dry method of homogenizing 
is preferred. This rules out the method of grinding tissue under solvent 
(e.g., in aleohol with the use of sand). The Waring blendor with solvent 
gives excellent homogenization, but it has been avoided for several reasons. 
(1) It does not allow simultaneous extraction of multiple samples. (2) It 
is not easy to use with organic solvents. Leakage frequently occurs 
through the gasket in the base and quantitative transfers are difficult to 
make. (3) ‘Foaming solvent” mixtures frequently give rise to difficulties 
with emulsion in the next stage: partition between water-alcohol and 
petroleum ether layers. (4) Relatively enormous quantities of solvents 
are required for small amounts of tissue. Since petroleum ether must be 
purified (2), owing to impurities which give an Emmerie and Engel (3) 
reaction, this involves extra work. 

The advantage of using the Waring blendor is that it is a cold extraction 
technique. In cases in which heat appears to accelerate loss of vitamin E 
(low vitamin E, high fat, partially oxidized tissue; see below) it may be 
necessary to use such extraction despite its disadvantages. 

The following “dry”? homogenization method has been adopted. ‘The 
tissue is cut in pieces of moderate size, which are placed in wire gauze and 
dipped in liquid nitrogen to freeze. The frozen tissue is transferred to an 
iron mortar which is surrounded by a solid carbon dioxide-acetone mixture. 
The pestle is chilled by placing it in the mortar or dipping in the liquid gas. 
A piece of ordinary wire gauze with a hole in the center surrounds the 
pestle and covers the mortar to keep pieces of tissue from popping out 
during grinding. ‘The tissue is ground until it can be sieved through wire 
gauze (12 mesh per inch), previously chilled by dipping in liquid nitrogen, 
into a beaker which is kept in a dry ice-acetone bath. After all of the 
sample is ground and sieved, it is mixed and individual samples are weighed 
into Soxhlet thimbles. After this, no special pains need be taken to keep 
it frozen, since sampling has been accomplished. However, to minimize 
loss of vitamin FE or oxidation of fat in the sample, it is kept at —22° 
till assay or, preferably, assayed immediately. This homogenization pro- 
cedure has been applied to nearly every variety of animal tissue with 
apparently successful results. 

Extraction—Extraction of tissues for vitamin E is essentially an extrac- 
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tion of lipide. For the reasons stated above the method of Waring blendor 
extraction with “foaming solvent” is not considered desirable for multiple 
assay. The extraction with hot ethanol, by use of a multiple unit apparatus 
(1), has been retained. Owing to the coarser subdivision of the sample, 
the extraction would be expected to take longer than that of the more 
finely divided food samples. 

Beef liver was used as the experimental tissue. It should contain as 
many if not more interfering materials than any other tissue. Liver was 
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Fic. 1. Tocopherol and fat content of successive 2 hour extracts of beef liver. 
The values are cumulative. 





obtained fresh from the slaughter-house and kept at — 22° till used, within 
Imonth. All extraction experiments were performed in quadruplicate. 

Samples were homogenized as described above and subjected to succes- 
sive 2 hour extraction periods. The extracts were treated as in the food 
method for vitamin E; i.e., reextracted into purified Skellysolve B, mo- 
lecularly distilled, hydrogenated, and assayed colorimetrically (1). The 
results (Fig. 1) show that an extraction period of several hours is required 
and that vitamin E extraction parallels that of fat. 

After apparent exhaustive extraction, concentrated hydrochloric acid 
(1 ml.) was added to the extraction solvent (50 ml. of ethanol) and two 
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further extractions made; little or no increase in apparent tocopherol 
resulted. This provides further evidence (4, 5) that tocopherol does not 
occur in animal tissue in some bound form which can be set free by acidified 
solvent extraction. 

The liver from a rat which had been fed tocopherol synthesized with 
radiocarbon (C™) was homogenized and exhaustively extracted in the same 
manner as the beef liver. Counts of radioactivity as well as tocopherol 
assays were made on successive extracts' (Fig. 2). That these parallel 
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Fia. 2. Tocopherol and fat content of successive 2 hour extracts of liver of rat 
which had been fed radioactive a-tocopherol. The values are cumulative. 





one another is strong evidence that the reducing material which is con- 
tained in the successive extracts is not extraneous material but true tocoph- 
erol. Addition of HCl to the residue of the rat liver, as in the beef 
liver experiment, also failed to extract significant amounts of tocopherol. 

Experiments were next made to test the length of time required for 
complete extraction. Although in some experiments this occurred in 18 
hours or less (Fig. 3), in several others it took longer. On the basis of 


1 The lipide extract was spread in a thin film and counted with a thin window 
Geiger tube. The amount of tocopherol was calculated from a calibration curve 
prepared with the same radioactive tocopherol which was fed. We are indebted to 
Mr. E. M. Shantz for this procedure. 
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these data a 24 hour period was provisionally adopted. However, for 
most of the assays reported an additional 2 hour extraction was made to 
check completeness of the first. In all cases a period of 24 hours was 
found to be sufficient. 

Additional experiments were made to test completeness of extraction in 
the 24 hour period. In one case the beef liver residue after 24 hours of 
ethanol extraction was dried (2 hours at 80°), gound in a Wiley mill to 
pass a 40 mesh screen, and reextracted with ethanol for 2 hours. The 
results showed no residual tocopherol. In another experiment beef liver 
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Fig. 3. Extraction of beef liver for successive periods. The ordinate represents 


cumulative tocopherol concentration in the liver. The abscissa gives cumulative 
extraction time. 





TOCOPHEROL EXTRACTED (MGS./ 100 GMS.) 


was homogenized and extracted 24 hours with ethanol. The residue was 
then extracted 24 hours longer with boiling purified Skellysolve B. Again, 
the amount of tocopherol extracted was less than 2 per cent that of the 
total in the first extract. 

The experiments described are considered to have established the ade- 
quacy and completeness of the extraction step for tocopherols in tissue. 
Since the remainder of the assay procedure consists of steps previously 
established, it remains to show satisfactory recovery and degree of precision 
of the complete analytical method for animal tissues. These are described 
below. 

Recovery—Recovery experiments were made by assaying tissues with and 
without added tocopherol; tocopherol was added at a concentration about 
equal to that in the tissue. Ethanol solutions of pure, natural y-tocopherol 
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were added to the extraction solvent and the entire analytical procedure 
carried out, including a 24 hour extraction period. Control colorimetric 
assays were made of equal amounts of the untreated tocopherol solution. 
The results show quantitative recovery (Table I). Recovery experiments 
were run routinely on many of the human tissues whose vitamin E values 
are reported here. Results of these are included in Table II, and they 
show quantitative recovery. 


TABLE I 
Recovery of Tocopherol by Vitamin E 


Assay Method for Tissue* 


Extraction for 24 hrs 2nd yi tion 
Sample 
Total 
Total “y- + 6-tocopherols P : 
tocopherolst by diazo assayt Fat pa 24 Fat 
mg. per 100 gm. mg. per 100 gm per cent 70 pe per cent 
Beef liver (a) 1.40 + 0.04 0.000 5.08 0.00 | 0.09 
_ (s.D.) 
+ added y-tocoph- | 2.17 + 0.04 0.855 + 0.016 5.04 0.00) 0.10 
erol (5) (s.D.) (s.D.) 
Added y-tocopherol (control) 0.829 0.826 
(c) 


Recovery§ 93 103 


* The data, which are typical, were obtained from a single experiment. (a) and 
(6) values each represent the mean assay value for four 10 gm. aliquots of homogen 
ized fresh beef liver. 

+t Emmerie and Engel (3) color reaction, in which ferric chloride and a,a-dipyridy! 
are used. 

t The method which involves coupling of y- and 6-tocopherols with diazotized 
o-dianisidine to give colored compounds. 


(6) _ (2) y 100. 


§ Per cent recovery = 

Poor recoveries were obtained in some instances when old samples of 
tissue were used (values not included in Table II). It is again emphasized 
that to obtain good recovery it is necessary that the tissue be fresh and 
unoxidized. Even tissues from freshly killed animals which had been 
maintained in a vitamin E-deficient state for a prolonged period gave low 
recovery values. This may mean that the tissues had become rancid in 
vivo. Possibly the chemical assay in such cases is a fair measure of the 
amount of vitamin E biologically available, since it is known that per- 
oxidized fats increase the requirement for vitamin E. However, for an 
accurate chemical assay of the amount of tocopherol in such tissues a cold 
extraction step may be preferable if loss during assay is to be avoided. 
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Precision—Precision of the analytical method is good as shewn by data 
on assays made on replicate portions of the homogenized tissue samples. 
For example, the data in Table I show coefficients of variation of the mean 
for quadruplicate assay of beef liver equal to 2.9 per cent. Simultaneous 





TaBLe II 
Vitamin E in Normal Human Tissues 
‘ Recovery 
Tocopherol content of added 
| y-tocoph- 
Subject Tissue te eee . : ‘ erol, 
| j 7- + 6- | Emmerie 
Total | tocoph- | and Engel 
| | erol | method 
| | mg. per ‘ | mg. per | 
Catan: bee: tm fat | - per cent 
Male, 30 yrs.| Muscle, pectoralis major | 6.31) 1.32 0.209) <0.27 | 94.9 
old " abdominal wall 3.90, 0.62 0.159) <0.05 
Liver 6.12, 2.49 0.407) <0.05 94.3 
Fat, abdominal, subcutaneous | 83.2 | 24.7 0.297) 2.63", 91.1 
4 " sg t | 81.1 | 29.2 | 0.359) = 3.33* 
Heart 3.36) 1.11) 0.331) <0.09 | 98.6 
Testis | 2.34) 2.83) 1.21 | <0.08| 93.7 
Kidney | 6.59) 0.80) 0.122) <0.19 | 97.6 
Pancreas | 10.29, 5.49) 0.533) <0.13 | 99.6 
| Lung | 3.79) 1.16) 0.305) 0.344) 
Spleen . | 2.49) 1.88 0.757, 0.56t 
Female, 43 | Muscle, rectus abdominis | 6.06) 1.56 0.257) <0.11 96.0 
yrs. old «psoas 4.33' 3.80) 0.877) 1.02* 
Liver 5.53, 2.19, 0.396; <0.14 96.2 
Fat, abdominal, subcutaneous | 81.8 | 49.5 | 0.605, 18.6* 
“  perirenal | 62.6 | 39.2 | 0.626) 11.5* | 
Heart | 3.31) 1.28) 0.387; <0.14 | 106.6 
Uterus | 1.27; 1.47) 1.16 | 0.31*, 98.0 
Kidney 4.56 3.32 0.727' 0.85* 
Pancreas ' 17.4 | 10.6 | 0.609 3.75* 
Spleen 9.21' 4.70 0.510 1.92* 









* The values represent true y- or 6-tocopherol as shown by the authentic spectra 
of the coupling products with diazotized o-dianisidine which were obtained in the 
tissue assays. 

+ On bioassay found to contain 34 mg. of d,a-tocopherol per 100 gm. of tissue. 

{Probably not true y- or 6-tocopherol. 


The diazotized dianisidine-coupling 
products had atypical spectra. 


assays of six replicate samples of fresh beef liver were made on two occa- 
sions for comparison with bioassay. (Samples containing added tocoph- 
erol were also included and showed quantitative recoveries.) For the 
two sets of six samples the coefficients of variation of the mean were 2.0 
and 1.1 per cent, respectively. These coefficients of variation of the mean 
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refer to total tocopherols in the tissue. At comparable levels of concen- 
tration, y- plus 6-tocopherol assays show as good precision. These tocoph- 
erols are usually present in relatively small amounts in tissue samples, 
however, which reduce somewhat the precision of their measurement. 

Accuracy—Bioassay comparisons with chemical assays were made previ- 
ously for several foods by use of, essentially, the chemical method here 
described for tissues. In addition, comparative assays for total tocopherols 
were made by two independent chemical methods and in a few cases by 
direct comparison with the extinction value (H290-300 m,) of the food extract 
due to tocopherol itself; these showed good agreement (1). The reliability 
of the tissue method probably exceeds that of the food method, since the 
tissue antioxidants which are lipide-soluble have been shown to be chiefly, 
if not exclusively, the tocopherols (6). 

In addition, bioassays of certain animal tissues have been made to com- 
pare biopotency with the chemically determined a-tocopherol content, i.e. 
total tocopherols minus (y- + 6-) tocopherols. The results have shown 
good general agreement between the two and have helped establish the 
chemical method as a reliable measure of vitamin E content. 


Results 


Vitamin E Content of Human Tissues—Certain tissues, freshly obtained 
from accident cases of apparently normal persons,? have been assayed for 
vitamin E. The data are given in Table IT. 

Tocopherol levels based on fat content are quite similar in a variety of 
tissues. The highest values occurred in testis and uterus. These may be 
significant in view of the primary réle of vitamin E in maintenance of 
testicular function in the male rat or in prevention of uterine dysfunction 
in the female rat. 

In neither case did the vitamin E content of the heart exceed that of 
other tissues, either on a fat or fresh weight basis. This is contrary to the 
finding of Mason for tissues of rats which were fed on a vitamin E-rich 
diet (7). 

Body fat appears to be the major storage site for vitamin FE in the 
normal human. It accounts for more than 75 per cent of the tocopherol 
estimated to be contained in a human female subject and more than 50 
per cent for the male subject (Table III). 

Total amounts of tocopherols for a hypothetical 50 kilo woman and a 
70 kilo man were estimated by using the tocopherol levels given in Table II. 
Organ weights and proportionate tissue weights were found in standard 


? We are indebted to Dr. K. E. Mason of the School of Medicine and Dentistry of 
The University of Rochester for these tissues. 
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anatomy text-books. The data are shown in Table III. The calculated 
values for total tocopherols in these cases are 8 and 3.4 gm., respectively. 

a-Tocopherol is the predominant form of tocopherol found in the tissues. 
In the male subject the presence of y- or 5-tocopherol could be established 
only inthe subcutaneous fat. However, y- or 6-tocopherols were present in 
appreciable amounts in most of the tissues of the female subject, to the 
extent of 20 to 40 per cent of the total tocopherols present. Their identity 











TABLE III 
Estimated Content of Total Tocopherols in Human Subjects 
Tissue | Woman Man 
mg. még. 
Pat.... Ps 6180 1885 
Muscle. . oD 269 285 
Blood. .... Le tae 45 64 
Liver...... = ; re 33 45 
Pancreas... ee 10 7 
Sn vie 54 ¥ 0's : : ania oka endl 7 4 
Heart. ... A ee ne 4 3 
Kidney......... . Wide that 4 cece eae | 10 2 
Uterus. ... Pane sag 2 

Lung. 12 
mestis...... 2 
0 i _—_— 4 es : 6560 2309 

Total on basis of 50 kilos ee hy fee 8120 


a MEO Ur oye 3440 





was established by comparison of the spectra of the diazotized dianisidine- 
coupling products of the tissue extracts with those of pure y- and 6-tocoph- 
erol. They were identical. 


SUMMARY 


A method for chemical assay for vitamin E in animal tissues is described. 
It shows good precision and recovery values, provided fresh tissues are 
used, and appears to give an accurate measure of both total and a-toco- 
pherol content. 

Values for vitamin E in certain tissues of two normal human subjects 
are given. ‘Tissues with the highest concentration on a fat basis were 
testis and uterus. Fat was the major storage site of tocopherols in these 
human subjects. Tissues of the same individual possessed quite similar 
values on a fat basis. Although a-tocopherol was the predominant form 
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of tocopherol in the tissues, significant amounts of y- and 64-tocopherols 
were found in many of them. 
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TISSUE-BOUND, ACID-LABILE PHOSPHORUS IN TOBACCO 
LEAVES, OAT COLEOPTILES, AND RAT LIVER* 


By SAM G. WILDMAN, JEAN M. CAMPBELL, anp JAMES BONNER 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, March 1, 1949) 


In much of the work on phosphorus metabolism in plants and animals, 
primary attention has been focused on the P which is easily extracted with 
cold acid. However, such an extraction procedure usually removes only 
about one-half of the total P contained in many tissues (1, 3, 8,11). As 
a result of recent work with radioactive P®, it has become increasingly ap- 
parent that the acid-insoluble P is subject to rapid turnover and hence is 
of interest in P metabolism. For example, Gest and Kamen (4) have shown 
with Chlorella that there is rapid turnover of the acid-insoluble P and that 
the rate of turnover is markedly accelerated during photosynthesis. Our 
own work, which will be presented elsewhere, indicates that auxin influences 
the rate of turnover of the acid-insoluble P during the growth of oat cole- 
optiles. It becomes of interest, therefore, to determine the nature of the 
substances in which such acid-insoluble P is found. 

Various attempts have been made to characterize the bound P in tissues 
(5,8), and as a result the general current view is that a large proportion of 
such P is bound to proteins, although there is little direct experimental 
evidence to suggest what proteins are the responsible agents. In a study 
of P metabolism of green spinach leaves (11), it was found that almost one- 
half of the total P contained in leaves is acid-insoluble. Further investi- 
gation revealed that a large part of the bound P is associated with a bulk 
protein of spinach cytoplasm. This protein, Fraction I, constitutes about 
75 per cent of the total cytoplasmic proteins, is electrophoretically homo- 
geneous, contains 0.3 per cent total P, and has the enzymatic properties of 
a phosphatase (10). 

The P present in Fraction I protein can be separated from the protein 
into two distinct subfractions (11). When the purified protein is pre- 
cipitated with ice-cold N trichloroacetic acid (TCA), and irreversibly de- 
natured as a consequence, about 50 per cent of the total protein P is freed 
into the clear Supernatant I which remains after removal of the protein 
by centrifuging. ‘The cold acid extraction comes to an end-point, since a 
second identical treatment removes less than 8 per cent as much P as the 
first. Extending the extraction period for as long as 8 hours does not sig- 


*This investigation was supported by a grant from the American Cancer Society 
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nificantly increase the yield of P. Thus, there is a large amount of P aggo- 
ciated with Fraction I protein which is cold acid-insoluble. If now the 
cold acid-extracted and precipitated protein is (thoroughly) susperded in 
more cold acid, heated for 2 minutes in a boiling water bath, immediately 
cooled to 0°, and the protein removed by centrifuging, then nearly all of the 
remaining bound P (80 per cent) appears in the clear Supernatant II, 
Less than 10 per cent of the total protein P remains in the protein precipi- 
tate after the successive cold and 2 minute hot acid extractions. 

It is of interest to review briefly (11) some of the properties of the cold 
acid extract, Supernatant I, and the 2 minute hot acid extract, Supernatant 
II, prepared from purified Fraction I protein according to the scheme just 
described. 

Supernatant I—All of the P in this subfraction appeared to be inorganic, 
Evidence for the presence of adenine was obtained spectrophotometrically 
and confirmed by quantitative bioassay with an adenineless mutant of 
Neurospora (7). Pentose was determined by the orcinol-HCl reagent (9), 
The molar ratio of adenine, pentose, and total P was approximately 1:2:2. 
Unexpectedly, 50 per cent of the inorganic P in this fraction was soluble in 
hot absolute alcohol or boiling ether, which suggests that it is not sufficient 
to describe the P soluble in organic solvents as phospholipide unless there 
is other supporting evidence for the identity of these substances. 

Supernatant II—The subfraction which remains with the protein after 
cold acid extraction and is released after heating the protein for 2 minutes 
in acid contains adenine, pentose, and total P in the approximate molar ratio 
of 1:1:2. Of the total P contained in Supernatant II, less than 5 per cent 
is present as inorganic P. However, continued heating of the 1 N acid 
extract results in the liberation of one-half of the total P as inorganic P. 
The remainder only appears as inorganic P after total digestion of the ma- 
terials contained in Supernatant II with concentrated H.SO,. Thus, the 
2 minute hot acid extract contains organic P in the ratio of 1 mole of labile 
P to 1 mole of stable P. 

The hydrolysis characteristics of the labile P in Supernatant II are similar 
to those found with high energy phosphorus-containing compounds such 
as adenosine triphosphate, etc.; 45 per cent of the labile P in Supernatant 
II is released as inorganic P by a heating period of 7 minutes in 1 Nn HCl, 
82 per cent is released in 16 minutes, and all of the labile P is released in 32 
minutes, since no further increase in inorganic P occurred after heating 64 
minutes. There are then substantial amounts of P bound to Fraction I 
protein of spinach cytoplasm, and more significantly, one-half of the total 
bound P is of an acid-labile nature and on this account may be of the high 
energy type (6). It is also noteworthy that the P appears to be in com- 
bination with adenine and pentose, although the solubility of the phos- 
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phorus in the presence of barium salts suggests that the compound is not 


| jdentical with adenosine diphosphate. 


Whole spinach leaves were also examined by the P distribution method 
described above. Labile P compounds contained in leaves were immo- 
bilized against chemical change by sudden freezing of the leaves with liquid 
air; the leaf tissue was dried in vacuo from the frozen state. Distribution 


| analysis made on the leaf powder indicated that 15 per cent of the total 
| Jeaf P is acid-labile P bound to tissue constituents and not soluble in cold 


acid, but is released into a clear extract by heating the tissue in 1 
yacid for 2 minutes. The 2 minute hot acid extract prepared from whole 
leaves contained adenine in the ratio of 1 mole of adenine to 2 moles of 
total P. Of the total dry weight of the leaf tissue, 0.6 per cent is found as 
adenine in the hot acid extract. 

The above results with spinach leaves suggested the desirability of ex- 
amining other plant tissues and an animal tissue for P distribution, and 
particularly for bound, acid-labile P. 


Methods and Materials 


Preparation of Tissue—Freshly cut plant tissue was frozen in liquid air 
and dried by the lyophil method. When dry, the tissue was ground to 
pass a 40 mesh screen and stored in vacuo over P,O,; in darkness until used 
for analysis. Rat liver powder was obtained through the courtesy of Dr. 
H. Borsook of this Institute. The freshly excised liver was immediately 
frozen in liquid air, ground to a fine powder, and dried by the lyophil 
method. 

P Distribution Analysis—The dry tissue powder is weighed and trans- 
ferred to a sintered glass funnel. 5 ml. of ice-cold, 1 n TCA are added to 
the sample, the mixture is stirred for several minutes, and the liquid is 
drawn through with suction. The process is repeated with another 5 ml. 
of cold TCA. The combined filtrates (Supernatant I) are evaporated to 
asmall volume at 98°, and then subjected to total digestion with concen- 
trated H SO, before being analyzed for inorganic P according to the method _ 
of Berenblum and Chain (2). 

The cold acid-extracted tissue is quantitatively transferred to a test- 
tube by washing with 1 nN HCland made to5 ml. volume. The tube is then 
placed in a boiling bath for exactly 2 minutes with vigorous stirring, plunged 
into an ice bath, and shaken to insure rapid cooling. The tissue is sepa- 
rated from the extract by filtering on sintered glass. The tissue is washed 
with an additional 5 ml. of cold HCl. The combined filtrates (Supernatant 
Il) are evaporated to a small volume, totally digested, and analyzed for P. 


The residue is retrieved from the sintered glass and also analyzed for total 
P, 
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Acid-Labile P in Supernatant I[—This material is prepared by the 2 
minute hot acid procedure just described. After filtering, aliquots are 
removed from the ice-cold filtrate and heated for various periods of time ip 
a boiling bath, cooled immediately, and directly analyzed for inorganie P. 


EXPERIMENTAL 


Tobacco Leaves—The data in Table I indicate that only 58.5 per cent of 
the total P in tobacco leaves is extracted with cold acid. A second ex. 
traction (Supernatant IA) yielded only 2.4 per cent of the total P, indi. 
cating that the cold extraction procedure comes to an end-point. When 
the cold acid-extracted tissue is heated for 2 minutes in 1 N HCl, 21.3 per 
cent of the total tissue P is released into the clear Supernatant II. Thus, 


TABLE | 
Distribution of Phosphorus in Various Tissues 








Total per mg. tissue Total tissue P 
T issue fraction Treatment Se ee ee Pe Reena EO ages ee — 
pine Oats | Rat |Pobac Oats | Rat 
7 2 ae jo 
Whole leaves......... Total digestion 6.73 6.2011.25:100 100 100 
Supernatant I........; Cold TCA extract 3.94 3.84 5.22 58.5 62.0 46.4 
” IA......| 2nd cold TCA extract 0.16; 0.16; 0.34, 2.4 2.6) 3.0 
as II.......! 2minute hot HClextract | 1.43, 1.53) 3.73 21.3 24.7 33.2 
CANINE iss, i) Shi Sak Tissue remaining after | 1.20) 0.46 1.43 18.0 7.4 12.7 
cold and hot acid 
extraction 


the 2 minute hot acid treatment is sufficient to release over 50 per cent of 
the bound P. The residue after cold and hot extraction contained only 
18 per cent of the original total P of the tissue. 

The acid-labile character of the P contained in Supernatant II obtained 
from tobacco leaves is shown in Table Il. Without further heating other 
than the 2 minutes required to release the bound P from the tissue, only 
2.8 per cent of the total P released was detected as inorganic P. However, 
further heating for 5, 12, and 30 minutes released respectively 10, 34.3, 
and 50 per cent of the total P as inorganic P. The ratio of 32 minute-labile 
P to stable P is 1:1. Thus, as in spinach leaves, a substantial portion of 
the total P in tobacco leaves (10.7 per cent) is bound in the tissue as acid- 
labile P, and is not extracted by the cold acid extraction procedures cus- 
tomarily used in P metabolism studies. 

Avena Coleoptiles—Etiolated Avena coleoptiles represent a plant tissue 
which is grown under quite different environmental conditions than are the 
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mature green leaves used in previous experiments. ‘he data in Table | 
show, however, that the distribution of P in the Avena coleoptile is quite 
smilar to that found for green leaves. Only 60 to 70 per cent of the total 


| Pis extracted with cold acid. : A combination of cold acid extraction fol- 


lowed by a 2 minute hot acid treatment removed all but 7 to 8 per cent of 
the total P originally contained in the tissue. 

Table II shows the acid-labile nature of the P contained in the 2 minute 
hot acid extract of Avena coleoptile tissue. Less than 2 per cent of the total 
Pin this preparation was detected as inorganic P following the 2 minute 
hot acid treatment required to release the phosphorus from the tissue. 
However, when the 1 N acid extract was additionally heated for 5, 12, and 


| 30 minutes, 6, 26, and 49 per cent of the total P was released as inorganic 
' P. The ratio of stable P to 32 minute-labile P is 1:1. Thus, 9.2 per cent 





TABLE II 


Acid-Labile Character of Tissue-Bound P Contained in 2 Minute, Hot Acid 
Extract of Various Tissues 





Time of Inorganic P per mg. dry tissue Labile P in tissue-bound P 











additional = eel San] eeeeee ne Ss 
_— cL. Tobacco Oat Rat Tobacco Oat Rat 
leaves coleoptiles | liver leaves coleoptiles liver 
min. OY ¥ + per cent per cent a oind 
0 0.04 0.02 | 0.21 2.8 a 4 5.6 
5 0.14 | 0.07 | 0.70 9.8 6.0 18.8 
12 0.49 | 0.31 33.3 26.5 
30 0.72 | 0.57 1.30 50.2 48.7 





34.9 


) of the total P in Avena coleoptiles can be considered as acid-labile P bound 


ned | 


her 
nly 
yer, 
4,3, 
bile 


1 of | 


cid- 


us- } 


sue 


the 





to tissue constituents. 

Rat Liver—Lyophilized rat liver powder was treated according to the 
distribution scheme described above. The results are also given in Table 
I, Only 49.4 per cent of the total tissue P was extracted by two succes- 
sive treatments with cold TCA. The second cold acid extraction produced 
only 6.5 per cent as much P as the first extraction, indicating that the cold 
acid extraction comes to an end-point. When the cold acid-extracted 
tissue was heated for 2 minutes in 1 N HCl, 33.2 per cent of the total tissue 
P was released, an amount representing 72 per cent of the tissue-bound P. 
The tissue remaining after these two extractions contained less than 13 
per cent of the original total P. 

The data in Table II show the acid-labile nature of the bound P of rat 
liver tissue. Without further heating other than the 2 minutes in hot 
HCl required to release the bound P from the tissue, 5.6 per cent of the 
total bound P was found to be present as inorganic P. However, 5 minutes 
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further heating caused 18.8 per cent of the total bound P to be released as 
inorganic P, while a 30 minute heating period released 34.9 per cent of the 
total bound P as inorganic P. It is therefore clear that rat liver, like plant 
tissues, contains large amounts of tissue-bound acid-labile P which is not 
extracted by the classical methods used in P metabolism studies. Approx. 
imately 10 per cent of the total P in rat liver can probably be considered 
as potential high energy tissue-bound P. 

The present results on rat liver closely parallel those obtained by Umbreit 
et al. (9) in so far as comparisons can be made. Assuming that liver con- 
tains 80 per cent water, we calculate that they extracted 5.57 y of P per 
mg. of dry liver with cold TCA, compared to the result in Table I of 5.22 
y of P per mg. obtained in Supernatant I. This latter figure, however, 


represents only 46 per cent of the total P eontained in liver tissue. It | 


must therefore be concluded that the scheme proposed by the Wisconsin 
group deals with less than one-half the total P in liver, and neglects the 
remainder, 72 per cent of which can be released into solution by a 2 minute 
hot acid treatment, and 35 per cent of which appears to be acid-labile P. 
It would obviously be of interest to examine this material for adenine and 
pentose. 


DISCUSSION 


Investigation of the P bound to protein of Fraction I of spinach cyto- 
plasm (10, 11) has led to the hypothesis that the P may be present as pyro- 
phosphate linked to organic material which in turn is loosely combined 
with the protein as illustrated by the accompanying diagram. “R” pre- | 


Fraction I Protein 
’ fhe dt | 
PRoTEIN- R +0-P-+0-P 
ig \ Mt a5 
2min. hot acid extract 








sumably represents adenine and pentose, compounds which are released | 
along with pyrophosphate from the protein by the 2 minute hot acid treat- 








> 
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ment, and appear in Supernatant II. The mechanism by which bound | 


organic P is released from the protein is thought to involve first the a link- | 
age between the protein and “R.” This linkage is completely disrupted 


by heating the protein for 2 minutes in 1 N acid, but the treatment is suffi- / 


ciently mild, so that less than 5 per cent of the pyrophosphate linkage ()) 
is broken with the release of inorganic P. If, however, the materials in 


Supernatant II are heated for longer periods of time in 1 N acid, the} | 
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linkage is completely broken. The c linkage is resistant to this latter treat- 
ment and the remaining organic P is converted to inorganic P only by total 
digestion. 

It must be emphasized that only 16 per cent of the weight of the 2 minute 
hot acid extract can be accounted for as adenine, pentose, and P even 
though the molar ratios of these three compounds are 1:1:2 respectively. 
Therefore, the substances in Supernatant II require further characteriza- 
tion before the suggested mechanism can be considered more than specula- 
tive. 

The complete parallelism between the results obtained with purified 
Fraction I protein and the results obtained with whole spinach leaves leads 
us to believe that similar mechanisms are operative in releasing bound P 


Taste III 
Efficiency of Release of Bound P in Various Tissues by 2 Minute, Hot Acid Treatment 





’ Tissue bound P 
Tissue Tissue-bound P released by hot 
acid in 2 min. 


Labile P in 
tissue-bound P 





} 
| 
| 
per cent per cent | per cent 
| 








Spinach leaves.................... 40 80 50 
en ale 5 acad hate 42 57 50 
Avena coleoptiles.................. 38 77 49 
So. inc ca naknsliell 52 72 | 35 





in the two instances. That similar relations may also apply for other tis- 
sues is borne out by the data in Table ITI which is a summary of the work 
on spinach together with the essential information of this paper. The 
data indicate the following: (1) In all tissues thus far examined, only 48 to 72 
per cent of the total tissue P is extracted with cold acid. (2) 57 to 80 per 
cent of the cold acid-insoluble or bound P of the tissue can be released by 
heating the tissue for 2 minutes in 1 N acid. (3) From 35 to 50 per cent of 
the bound P is acid-labile P which can be released as inorganic P when 
extract (2) above is heated in 1 N acid. (4) The remainder of the P in this 
same extract is resistant to treatment with hot 1 N acid and is not released 
as inorganic P until the material is completely digested. The similarities 
in the distribution and properties of the bound P contained in such diverse 
tissues suggest that the present method may be a useful starting point 
in exploring the P relationships in other biological materials. 


SUMMARY 


1. A study was made of the distribution of phosphorus in spinach leaves, 
tobacco leaves, oat coleoptiles, and rat liver. Cold acid extracted only 
60, 58, 62, and 48 per cent respectively of the total tissue P. 
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2. If the P-containing tissue remaining after cold acid extraction jg 
heated in 1 n acid for 2 minutes at 100°, then 80, 57, 77, and 72 per cent 
of the tissue-bound P is released from spinach leaves, tobacco leaves, ‘oat 
coleoptiles, and rat liver respectively. The P so released is, however, 
not in the form of inorganic phosphate, but is still bound in organic combj- 
nation. 

3. Of the bound P released by the 2 minute hot acid treatment, 50, 50, 
49, and 35 per cent can be liberated as inorganic P by an additional short 
heating period in 1 N acid. 

4. Therefore, 15, 10.7, 9.2, and 10 per cent of the total P contained in 
spinach leaves, tobacco leaves, oat coleoptiles, and rat liver is acid-labile 
P which is bound to tissue constituents. 
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THE INHIBITION OF ALKALINE PHOSPHATASE 
BY BERYLLIUM* 


Br FRIEDRICH W. KLEMPERER, JOSEPH M. MILLER, anp CAROLINE 
J. HILL 


(From the Department of Biochemistry of the Trudeau Foundation for the Clinical 
and Experimental Study of Pulmonary Disease, Trudeau, New York) 


(Received for publication, March 7, 1949) 


Recent clinical reports of pulmonary disease occurring in workers in the 
beryllium industry have stimulated new interest in the biochemical action 
of this element (for a complete bibliography, see (1)). Although it has not 
been possible to produce in animals pathological conditions identical with 
those seen in beryllium workers, experimental administration of beryllium 
and its compounds has resulted in a variety of lesions involving various 
organs and tissues. Of these lesions those affecting the skeletal system are 
of prime biochemical interest. Experimental rickets have been produced 
by feeding a diet which contains an excess of beryllium over the amount of 
phosphate ingested (2-5). Most authors are agreed that in this case the 
production of rickets is due, at least in part, to the low solubility of beryl- 
lium phosphate which, precipitated in the intestine, becomes unavailable 
for absorption. Nevertheless, in vitro experiments by Sobel et al. (5) indi- 
cate that a local factor is also operative in preventing calcification in beryl- 
lium rickets. A different effect of beryllium on bones has been demonstrated 
inrabbits by Gardner and Heslington (6) who observed eburnation with 
subsequent tumor formation following injection of sparsely soluble beryl- 
lium compounds. In view of the réle which phosphatase plays in the 
formation of bone, it appeared possible that disturbances of normal ossifi- 
cation might depend on interference of beryllium with the action of this 
enzyme. Guyatt, Kay, and Branion (2), without giving experimental evi- 
dence, stated that ‘‘Be++ was occasionally strongly activating’ to phos- 
phatase. Cloetens (7), who studied the effect of various metals on alkaline 
phosphatase, reported inactivation of the enzyme by 10~* m solution of 
beryllium chloride. Greenstein et al. (8) observed an inhibiting effect of 
beryllium on the formation of ammonia and inorganic phosphate from 
nucleic acids by crude tissue extracts. The following report represents an 
investigation of the action of beryllium on phosphatase. 


* This investigation was supported by grants from the Office of Naval Research 
and the United States Public Health Service. 
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EXPERIMENTAL 


All enzyme soluticns used in the following experiments were prepared 
from defatted and dehydrated hog kidney powder, obtained from the Viobin 
Corporation. The powder was extracted for 5 minutes with 100 parts of 
water, centrifuged, and the clear extract dialyzed against distilled water 
for a period sufficient to remove all traces of inorganic phosphate. An 
inactive precipitate which formed during dialysis was separated by cen- 
trifugation. The beryllium solutions were made from either commercia] 
beryllium sulfate dissolved in water or from beryllium chloride prepared 
by dissolving the purest obtainable metal! in hydrochloric acid. No 
difference was detected between the action of these two salts. Estima- 


tion of the activity of alkaline phosphatase was essentially as described 
by Bodansky (9). 


For each determination, 5 ml. of a solution containing 50 mg. of sodium 


8-glycerophosphate in 0.04 m veronal solution were added to the indicated 
amount of beryllium and the volume made to 9 ml. The tube was then 
placed in a water bath at 38° and after attainment of temperature equi- 
librium the reaction was initiated by the addition of 1 ml. of enzyme 
solution. The pH of this solution was 9.6 as measured with a Beckman 
“high pH” glass electrode. After incubating for 30 minutes, proteins were 
precipitated with trichloroacetic acid and the liberated phosphate deter- 
mined by the method of Fiske and Subbarow (10). Under these conditions 
the amount of inorganic phosphate formed was strictly proportional to the 
concentration of enzyme present. 

Fig. 1 demonstrates the effect of varying concentrations of beryllium on 











the activity of alkaline phosphatase. It is apparent that beryllium in con- | 


centrations as low as 10 m causes appreciable inhibition of the enzyme. 


inhibition reaches a maximum of 60.4 per cent. The phenomenon that 
maximal inhibition is reached at a relatively low concentration of beryllium 


is probably related to the low solubility of beryllium salts in alkaline | 


solutions. 


Greep (11) have shown that the degree of activation of alkaline phosphatase 
by magnesium depends, among other factors, on the degree of purification 
and the age of the enzyme solutions. From Table I it can be calculated 
that activation of phosphatase by 0.01 m magnesium chloride in the absence 
of beryllium was 220 per cent, while with the enzyme which had been partly 


1 We wish to thank Mr. Bengt Kjellgren of the Brush Beryllium Company for 


this material. 





( 
As the concentration of beryllium increases to a molarity of 10~°, the | 


i 


Table I demonstrates the effect on alkaline phosphatase of beryllium in | 
combination with varying concentrations of magnesium. Fischer and | 
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inhibited by the addition of 10-° m beryllium, an increase of only 120 per 
cent was caused by the addition of the same concentration of magnesium. 
Table I shows that the percentage inhibition by beryllium was greater 
when magnesium was present. These findings indicate some interaction 
between the effects of magnesium and beryllium which might be inter- 
preted as a competition of these two ions for the enzyme. However, because 
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Fie. 1. Hydrolysis of sodium 8-glycerophosphate by kidney phosphatase at pH 
9.6 in presence of varying concentrations of beryllium. 


TABLE I 
Effect of Magnesium on Inhibition of Alkaline Phosphatase by Beryllium 
Substrate, sodium 6-glycerophosphate; pH 9.6; time of incubation, 30 minutes. 








| Concentration of Be 
| 








or gl —— ci z 10—* x | 3X 10—*§ uw | 10—5 uw 
P split | P split | Inhibition | P split | Inhibition | P split | Inhibition 
mole per I. mg. mg. per cent mg. percent | meg. per cent 
0 | 0.0425 | 0.0304 | 29 | 0.0235 | 45 | 0.0192 | 55 
10* | 0.112 | 0.0725 | 35 | 0.0462 | 59 0.0333 | 70 
107% 0.136 | 0.0892 | 34 | 0.0542 | 60 |; 0.0368 | 73 
| 0.0642 | 53 | 0.0425 | 69 


10-7 | «0.136 0.0980 | 28 





of the impurity of the enzyme preparation and because the mechanism of 
activation of phosphatase by magesium is not well understood (11, 12), 
such conclusions are not at present justified. 

During the course of these experiments occasional phosphatase prepara- 
tions were encountered which were activated by beryllium in concentrations 
of 10-7 and 10-* mole per liter. This activation, which was observed 
whether magnesium was present or not, was variable, occasionally reaching 
& Maximum of 10 per cent, and was found only when enzyme solutions 
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which had aged in the refrigerator for some weeks were used. Hove. 
Elvehjem, and Hart (13) observed that dialyzed intestinal phosphatay 
was inhibited by zinc but was activated by it when amino acids were pres. 
ent. This observation suggested a possible similarity between the action 
of beryllium and that of zinc. The experiment represented in Table II was 
designed to ascertain whether glycine influenced the inhibition of phospha. | 
tase by beryllium. The data show that the activity of a freshly dialyzed 
enzyme was not altered by the addition of 1 mm glycine, regardless of the 
presence or absence of beryllium. At present we have no explanation for 
the occasional activation of certain phosphatase preparations by low con- 
centrations of beryllium. 

Beryllium hydroxide exhibits amphoteric properties and at the hydrogen 
ion concentration of the above experiments, a certain fraction of the metal 
exists as anion (14). If this beryllate were the ionic species which exerts 





TABLE ITI 
Inhibition of Alkaline Phosphatase by Beryllium with and without Glycine 


Experimental conditions as given in Table I. 
P liberated after 30 minutes. 


The values are given in mg. of 


Concentration of B 
Addition 


Tab! 
phate ¢ 


| 
No glycine...... 


10-8 | 10-8 | 10-7u | 10-* x 0 


0.0230 | 0.0410 | 0.0506 | 0.0517 | 0.0514 
| 0.0510 





Glycine, 10-3 m 


0.0232 | 0.0432 | 9.0499 


0.0510 





an effect on phosphatase, then a decrease of the hydrogen ion concentra- 
tion, by increasing the acidic dissociation of the hydroxide, might effect an 
augmentation of the inhibition. If, on the other hand, the inhibition of 
phosphatase were due to beryllium ions (Be**), a reverse effect might be 
expected. The experiment represented by Fig. 2 was designed to decide 
between these two possible mechanisms by testing the inhibiting effect of 
beryllium on phosphatase at varying hydrogen ion concentrations. The | 
hydrogen ion concentration was altered by addition of hydrochloric acid or | 
sodium hydroxide to the veronal buffer and the pH was measured with the | 
glass electrode after addition of substrate and enzyme. Otherwise, con- 
ditions were exactly those of the preceding experiments. From Fig. 2 it) 
would seem that the activity of the enzyme in the presence of beryllium) 
increases with increasing hydrogen ion concentrations. If, however, the| 
degree of hydrolysis is related to the value of the control containing no 
beryllium and expressed in terms of per cent inhibition, it becomes obvious 
that the strongest inhibition takes place near the hydrogen ion concentra- 
tion of optimal enzyme activity. No conclusion can therefore be drawn as 
to the form in which beryllium is active as an inhibitor. 
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love. | Table III gives the results of experiments in which various organic phos- 
stage | phate esters were incubated with alkaline phosphatase and magnesium salt 
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Fig. 2. The influence of hydrogen ion concentration on the hydrolysis of sodium 
s-glycerophosphate. @, in the absence of beryllium; O, in presence of 10-5 m beryl- 
nira- lium; dash line, per cent inhibition. 
ct an 
ion of Tasve Ill 
ht be fect of Beryllium on Alkaline Phosphatase in Presence of Various Substrates 


lecide Concentration of Mg**, 10-* m; time of incubation, 30 minutes. 























ect of No Be Be, 10—¢ Be, 10—* 
The Substrate ~ 

‘ad ae. | P split _Poplit [Inhibition | P split Inhibition 

th the | mM meg. mg. per cent mg. | per cent 
con- 8-Glycerophosphate | 16.0 | 0.1563 | 0.0612 | 61 

aaa Hexose diphosphate | 0.24 | 0.0354 | 0.0159 | 55 

b +e Phenyl phosphate | 25.0 | 0.0486 | 0.0449! 8 | 0.0256| 47 

yllium 6 " | 12.5 | 0.07291 0.0624; 14 | 0.0326] 55 

r, the | 2 yh | 6.0 | 0.0985 | 0.0755 | 23 | 0.0371} 62 

ng no e ‘i | 3.0 | 0.1209 | 0.0830} 31 | 0.0443} 63 

yvious 


entra- Mthe presence of beryllium. Hexose diphosphate was added as a solution 
wnas % its sodium salt which had previously been adjusted to pH 9.2. The 
imount of hydrolysis after 30 minutes was measured by determination of 
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inorganic phosphate as in the preceding experiments and a correction was 
applied for the amount of inorganic phosphate present as an impurity of 
the hexose diphosphate used. Phenyl phosphate was added as a solution 
of the commercial disodium salt (Eastman) adjusted to pH 9.2. The de. 





gree of hydrolysis was determined by phenol determination according to 
the procedure of King and Armstrong (15). For easy comparison the | 
values in Table III are expressed in terms of phosphate. Table III shows 
that hydrolysis of all three substrates was inhibited by beryllium. In the 
case of phenyl! phosphate it was found that the rate of hydrolysis decreased | 
with increasing substrate concentrations. This finding is in disagreement | 
with the values which Schmidt and Thannhauser (12) obtained with puwri- | 
fied intestinal phosphatase. The degree of inhibition by beryllium in- | 


| 


creased markedly with decreasing substrate concentrations. It is evident 


TABLE IV 
Inhibition of Acid Phosphatase by Beryllium 


Substrate, sodium 8-glycerophosphate; buffer, 0.2 m acetate; pH 4.65; time of 
incubation, 60 minutes. 











Concentration of Be | 





| 10-t | 10—* uw | oo | 

| j | 
nn ee 2-5 See oe | 0.0414 | 0.0480 | 0.0489 | 0.0499 | 
SN 6 hehe tas eae eee és | 15.3 1.8 0 





also that, in contrast to the hydrolysis of glycerophosphate (see Fig. 1), | 
maximal inhibition was not reached at relatively low concentrations of 
beryllium. Inhibition increased when the beryllium concentration was 
raised from 10-* m to 107° m and this relative increase became greater with 
rising substrate concentrations. These observations are easily explained 
by the assumption of chemical interaction between beryllium and pheny! 
phosphate, which would reduce the concentration of active beryllium below | 
the solubility of its hydroxide. 

The experiment given in Table IV demonstrates the effect of beryllium 
on acid phosphatase. Enzyme preparations and experimental conditions 
for the estimation of acid phosphatase activity were identical with those | 
of the preceding experiments except that the reaction mixture was buffered | 
at a pH of 4.65 with 0.2 m acetate buffer and the time of incubation was 60 
minutes. Table IV shows that beryllium salt in concentrations up to 
10~ m was without effect on acid phosphatase and that even a concentra- 
tion of 10-* m caused only 15 per cent inhibition. This phenomenon is 
probably without biological significance and related to the known denatur- 
ing effect of higher concentrations of beryllium on proteins (16). 
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DISCUSSION 


of The experiments reported in this paper were conducted in an attempt to 
y) | correlate the toxicity of beryllium with its possible action on certain well 
. | defined biochemical reactions. In addition to the osseous pathology men- 
to | tioned in the introduction of this report, a variety of non-specific histo- 
} logical changes, principally involving parenchymatous tissues, have been 
ascribed to the administration of beryllium (for a complete discussion of 
he | the toxicology of beryllium, see (1)). Since phosphatase is a constituent 
eq | ofall these tissues, interference with the action of this enzyme could pre- 
.nt | sumably explain such pathological changes. The fact that beryllium in 
| very low concentrations has a strongly inhibitory action on alkaline phos- 
in- | phatase is an argument in favor of this explanation. It is still undecided, 
ent however, whether the inhibitory effect observed in experiments in vitro also 
| obtains in living tissues. 





= = 
as 


SUMMARY 


e of 1, Alkaline kidney phosphatase is partly inhibited by beryllium in con- 
__ | entrations lower than 10-* m. 

| 2. Phosphatase activated by magnesium ions is inhibited by beryllium 
toa slightly greater degree than phosphatase not activated by the addition 
— | of magnesium. 
89 | 3. The effect of beryllium on alkaline phosphatase is greatest in the region 

df the hydrogen ion activity of optimal enzyme activity. 
4, The inhibition of alkaline phosphatase by beryllium is largely inde- 

. 1), | pendent of the nature of the substrate. 8-Glycerophosphate, hexose di- 
s of | phosphate, and phenyl phosphate were tested. In the case of the latter, 
was | the inhibition was found to decrease with increasing substrate concentra- 
with | tion. 
ined | §, Acid phosphatase is not inhibited by beryllium in concentrations of 
enyl | lm. At a concentration of 10-* m there is only 15 per cent inhibition. 
elow 
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In the past 5 years a number of papers have dealt with the clinical aspects 
of exposure to various beryllium compounds (1-4). Because of these 
reports several laboratories (5) have attempted to reproduce in animals the 
lesions seen in the human cases but with only partial success. In 1946, 
Dr. Leroy Gardner (6) noted that the intravenous injection of zine-beryl- 
lium silicate or beryllium oxide into rabbits resulted in the development of 
osteogenic sarcomas after a latent period as short as 53 months or as long 
aslyear. This observation has been confirmed in this laboratory and will 
be described in a later paper. 

Several authors (7-10) have reported that the addition of beryllium 
carbonate to the diet of young rats led to the development of rachitie 
changes which have been termed “beryllium rickets.’”? Extremely low 
levels of serum phosphate and a marked lowering of the alkaline phos- 
phatase content of the kidney accompanied the development of this lesion. 
Furthermore, this lesion could not be prevented by cod liver oil or irradiated 
ergosterol, though Kay and Skill (10) were able to prevent it by the daily 
parenteral administration of glycerophosphate. ‘These authors think that 
the lesion, at least in part, is due to the precipitation of beryllium phosphate 
in the intestine, making the phosphate unavailable for absorption. How- 
ever, Sobel, Goldfarb, and Kramer (11) in studying in vitro the calcifying 
power of ordinary rachitic bone and beryllium rachitic bone in normal serum 
noted a markedly diminished calcifying power in the latter compared to the 
fomer. They also noted that, although the addition of viosterol to the 
beryllium rachitogenic diet produced a rise in the calcium and phosphorus 
product in the serum, the rickets was not prevented and the defect in the 
calcifying power in vitro was still present. This work suggested that in 
addition to the factor of poor absorption of phosphate from the intestine 
there was also a local factor which interfered with calcification. In 1943, 


Hyslop et al. (12) presented evidence that beryllium tends to be stored in 
bone. 


*This is Publication No. 667 of the Cancer Commission of Harvard University. 
This work was done under Contract N5ori-76 with the United States Navy. 
t Fellow of the American Cancer Society (Massachusetts Division). 
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Because of this previous work and because of the well known high phos- 
phatase levels which are found in osteogenic sarcoma, Paget’s disease, 
rickets, and osteoblastic bone lesions, it seemed worth while to study the 
effects of beryllium on alkaline phosphatase in vitro in the hope of shedding 
some light on the mechanism of beryllium toxicity. 

There are a few references (13) to the effects of beryllium on alkaline 
phosphatase in vitro, but the results have been variable and experimental 
data not given, and apparently no extensive study has been made. 


Methods 


Enzyme Preparations Used—At the outset of this study crude enzyme 
preparations were made according to the method of Franseen and McLean 
(14) from bone, kidney, and intestine of freshly decapitated Wistar rats. 
These extracts were dialyzed in cellophane bags for 48 hours against fre- 
quent changes of distilled water at 7°. At the end of this period the crude 
extracts were nearly free of inorganic phosphate. Extracts were also used 
from human serum with high phosphatase activity and radium-induced 
osteogenic sarcomas from the rat. 

Later in the study, through the courtesy of Dr. Gerhard Schmidt, we 
were able to secure some highly purified intestinal phosphatase prepared 
by him according to the method he has previously described (15). 

Determination of Phosphatase Activity—The phosphatase activity was 
determined in a manner similar to that described by Franseen and McLean 
(14) with minor modifications used through experience in this laboratory.! 
All reactions were incubated for a period of 30 minutes at a temperature of 
37° and at pH 9.0, and the liberated phosphate was determined by the 
method of Fiske and Subbarow (16) as modified for use in the Evelyn 
photoelectric colorimeter (17). The substrate used in these experiments 
was sodium §-glycerophosphate (Eastman), the concentration of which was 
0.015 m in the incubation mixture in all experiments, and the amount of 
substrate splitting never exceeded 5 per cent. The concentration of glycine 
(as buffer) was 0.06 m. All determinations were done in duplicate. 

The beryllium solutions were prepared from BeSQ,-4H.0O (c.p., Eimer 
and Amend) and a stock standard solution was made in the concentration 
of 1 mg. of Be ion = 1.0 cc. The magnesium solutions were made from 
MgS0,-7H:0 (c.p., Merck, Blue Label) and the citrate solutions from 


sodium citrate-2H,O (Merck, Blue Label). All concentrations are ex- | 


pressed throughout this paper as moles per liter of incubation mixture. 


Results 


Effects of Varying Beryllium Concentration on Alkaline Phosphatase— 
Studies of the effect of varying concentration of beryllium on the alkaline 


1D. M. Tibbetts, unpublished material. 
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phosphatase activity of undialyzed and dialyzed extracts and of a concen- 
trated intestinal phosphatase were made. The sources of these have been 
described above. In order to make the results as nearly comparable as 
possible, the dialyzed extracts were so diluted that the controls would split 
between 0.02 and 0.04 mg. of phosphorus in 30 minutes of incubation. The 
concentrations of beryllium used varied through the range of 6 X 10-7 to 
24 X 10 in the incubation tube. Because of the amphoteric properties 
of beryllium and the alkaline pH of the reaction, it seemed probable that 
beryllium existed as the beryllate ion (BeO™) rather than as the beryllium 


TaBLeE I 


Effect of Varying Concentrations of Beryllium on Rat Osteogenic Sarcoma, Rat Bone, 
Rat Intestinal Phosphatase, and Human Serum 












































Rat intestinal 
R H 
Mgrs | “eciace | Mat Nemwcoenaty/ "ae | eceerues | taeda 
incubation | incu non 
mixture ’ : : - mixture : 
| Penlit | gilon | Pantie | Quis, | Pantie | Bis, | Peplit | Sidon 
30 min. incubation, pH 9.0 60 min. incubation, pH 9.0 
M mg. |percent| mg. |percent| mg. |per cent 7 mg. | per cent 
0 0.052 | 0 | 0.0389 0 | 0.027 0 (0 0.034 0 
1.2 X 10-6 0.051 | 1 2.4 X 10-* | 0.033 1 
2.4 xX 10-6 0.023 15 {6.0 X 10-® | 0.030 ll 
6.0 X 10-6 0.044 15 0.032 18 0.018 | 34 |1.2 X 10-5 | 0.027 19 
12 X 10-5 | 0.041 22 0.033 16 0.015 | 44 (6.0 X 10-5 | 0.020! 39 
2.4 X 10-5 | 0.037 | 28 | 0.080} 23 | 0.015; 46 {1.2 X 10-4 | 0.019} 42 
3.6 X 10-5 0.030 | 22 | 0.012 55 
6.0 X 10-5 | 0.027 | 31 0.015 | 42 
8.4.x 10-5 | 0.027| 30 |0.010| 61 
1.2 X 10-¢ | 0.024| 39 | 0.011} 60 
24X 10-4 | | 0.024 | 39 | 
in (Be++). At concentrations around 10~ m a white, flocculent precipi- 


tate tended to separate at the end of incubation, especially with undialyzed 
preparations, which contained a considerable amount of inorganic phos- 
phate. Presumably this precipitate was beryllium phosphate, which is 
highly insoluble in alkaline media. Precipitation was not noted as con- 
centrations of beryllium lower than 2.4 X 10m. We have demonstrated, 
however, that all phosphate liberated in the incubation, whether a pre- 
tipitate is seen or not, is determined in the phosphate estimation. The 
addition of the trichloroacetic acid prior to filtering the incubation mixture 
tedissolves any insoluble beryllium phosphate present. 

The results of these experiments are presented in Tables I and II. It is 
apparent from these data that beryllium exerts a definite inhibitory effect 


It is 
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interesting to note that extracts of bone, kidney, human serum, and rat 
osteogenic sarcoma show approximately the same degree of inhibition at 
the maximal beryllium concentration of 1.2 X 10~ M, namely about 40 per 
cent. In contrast, extracts of intestinal phosphatase, both dialyzed and 
undialyzed, as well as the concentrated extract are inhibited 60 to 70 per 
cent at the same concentration of beryllium. The lack of increasing inhib. 
itory effect of beryllium in concentrations above 1.2 X 10~‘ m is probably 
due to the precipitation of beryllium phosphate, thus limiting the effective 
concentration of beryllium. 

Effect on Intestinal Phosphatase of Varying Magnesium Concentration in 
Presence of Constant Beryllium Concentration—As a number of investigators 


TaBLeE II 


Effect of Varying Beryllium Concentrations on Dialyzed Rat Intestine, Kidney, Bone, 
and Concentrated Intestinal Phosphatase 


30 minutes incubation, pH 9.0. 






































Intestine | Kidney Bone ee ae 

Be a . | —|— mee —_—__— 
n_| Pelt | ln | Pept | tise | Poole | tea | ostperiter | P enc | gat | 
M mg. per cent mg. per cent mg. per cent M mg. | Der cent 

0 0.033 | 0 | 0.028! 0 | 0.016; O (0 0.024} 0 
2.4 X 10-* | 0.024} 26 | 0.024; 15 | 0.015; 7 (6 xX 10-7? | 0.023; 8 | 
6.0 X 10° | 0.018 | 45 | 0.023; 19 | 0.015; 5 [1.2 x 10-* | 0.022} 12 | 

1.2 X 10° | 0.014/ 58 | 0.019/ 32 | 0.013 | 21 |2.4 x 10-* | 0.018) 20 

6.0 X 10> | 0.010} 69 | 0.016} 42 | 0.010} 35 16.0 x 10-* | 0.015), 41 

1.2 X 10-* | 0.010 | 69 | 0.017} 41 | 0.010] 37 {1.2 x 10-* | 0.011) 55 

6.0 X 10-* | 0.008 | 67 

| | | 1.2 X 10-¢ | 0.007 | 71 





have previously reported that magnesium is an activator of dialyzed alka- | 
line phosphatase preparations, this experiment was designed to determine 
whether the inhibition by beryllium might be reversed by the addition of | 
magnesium. Beryllium in a concentration of 1 X 10-* m was added to the | 
substrate and magnesium, in varying concentrations, was added prior to 
the introduction of the enzyme. As a control, magnesium was added toa 
substrate which contained no beryllium. The data in Tables III and IV 
indicate that the optimal concentration of magnesium is about 0.003 M in | 
the absence of beryllium, approximately the value noted by Jenner and 
Kay (13). Although magnesium activates both reactions, the per cent of | 
inhibition by beryllium is seen not to be appreciably influenced by the | 
presence of magnesium. These observations suggest a competitive rela- 
tionship of beryllium and magnesium to the enzyme molecule. 

Effect of Storing Enzyme with Magnesium or Beryllium for 18 Hours Prior 
to Incubation—The preceding experiments suggested that the relative 
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affinity of the metals under consideration for the enzyme might be further 
elucidated by varying the time prior to incubation during which they are 
allowed contact with the enzyme. Thus, beryllium in a concentration of 
4 X 10-' m and magnesium in a concentration of 3 X 10-* m were mixed 


TaBLeE III 


Effect of Adding Increasing Amounts of Magnesium to Dialyzed Rat Intestinal 
Phosphatase in Presence and Absence of Beryllium 


30 minutes incubation, pH 9.0; three different intestinal extracts. 





Mg concentration per 








No Be 








Be 1 X 10° mu 


Experiment No. | liter | P split P split Inhibition 
u | mg. mg. per cent 
I 0 0.031 0.007 77 
5 x 10° | 0.083 0.007 79 
1 xX 10° ' 60.04 = sé. 012 73 
2 x10 | 0.055 | 0.013 76 
II 0 | 0.028 | 0.007 77 
2 x10 | 60.043 «|= | (0.018 71 
Rete ee 70 
4 xX10* | 0.049 . | 0.013 74 
I] 0 | 0.088 | 0.008 78 
2 x 10° | = «0.062 0.011 83 
1 xX 10° 0.055 | 0.011 81 
4 X10? | 0.05 | 0.009 83 
1.6 X 107 | 0.088 0.010 88 
3.2xX 107 | 0.08 | 0.012 88 
TaBLe IV 


Effects of Adding Increasing Amounts of Magnesium to Concentrated Intestinal 
Phosphatase in Presence and Absence of Beryllium 
30 minutes incubation, pH 9.0. 





Be, 1 X 10 wu 





Mg concentration per liter by pd | P split Inhibition 
M mg. | mg. per cent 
0 0.029 0.007 75 
3X 107 0.040 | 0.012 71 
3X 107? | 0.031 | 0.011 65 
3 x 0.039 | 73 


0.011 





with a purified intestinal phosphatase preparation, singly and in combina- 
tion, and were stored at 7° for 18 hours before incubation with the sub- 
strate. ‘The results of such an experiment are shown in Fig.1. The acti- 
vating effect of magnesium and the inhibitory effect of beryllium, when 
each is present alone, are not appreciably enhanced by standing with the 
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enzyme for 18 hours. When both metals are allowed to stand with the 
enzyme for 18 hours, the effect is the same as if beryllium were present 
alone. Even when magnesium is stored with the enzyme alone and bery|- 
lium is only added just prior to incubation, the inhibitory effect of the latter 
predominates. This series of experiments lends further credence to the 
concept that the relationship of beryllium and magnesium is competitive 
in relation to this enzyme, and that the influence of beryllium is somewhat 
dominant. 





Mg O HRS. 


Be O HRS. 


Be O HRS. 
Mg © HRS. 


Mg 18 HRS. 


Be 18 HRS. 


Be 18 HRS. 
Mg !8 HRS. 


Be i8 HRS. 
MQ O HRS. 


Mg 18 HRS. 
Be O HRS. , i 
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Fig. 1. Effect of allowing beryllium or magnesium to stand with the enzyme for 
18 hours prior to incubation. ‘‘Hours”’ refers to the time of contact of the element 
with the enzyme before incubation. 




















Effect of Addition of Magnesium after Beryllium Has Been in Contact with 
Enzyme for Varying Periods of Time—The conditions of the experiment 
were the same as the preceding one as far as beryllium and magnesium 
concentrations and enzyme preparations were concerned. Beryllium was 
stored with the enzyme for increasing lengths of time before incubation 
was initiated, magnesium being added at the start of incubation. The 
results of this experiment appear in Fig. 2. The maximal inhibitory effect 
of beryllium is attained within 4 hours, while the ability of magnesium to 
activate the enzyme, though not completely lost, is reduced to a very low 


and constant value after beryllium has been in contact with the enzyme | 


for 9 hours. 
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Effect of Sodium Citrate on Beryllium Inhibition and Magnesium Acti- 
vation—The facility with which the citrate ion forms metal complexes is 
well known and wide use is made of this property in analytical chemistry 
(18). In medicine, citrate has been employed to mobilize heavy metals 
such as lead through the formation of soluble citrate complexes. These 
facts engendered the idea that perhaps the inhibition of phosphatase by 


beryllium might be prevented by the introduction of citrate, to form a 
beryllium-citrate complex. 
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Fig. 2. Effect of varying the length of time prior to incubation during which beryl- 
lium is in contact with the enzyme, 


Jenner and Kay (13) mention that citrate is an inhibitor of alkaline 
phosphatase but give no experimental data on the concentrations employed. 
Gutman and Gutman (19) have noted that citrate ion in concentrations 
greater than 0.04 m interferes with color development in the phosphate 
determination. By using standard phosphate solutions with and without 
varying concentrations of citrate (from 1 X 10-* to 2 XK 10-* m) in the 
presence of substrate, we were able to show that at the highest citrate con- 
centrations the variation between citrated and non-citrated standards was 
less that 6 per cent. Experiments in which the enzyme was used with and 
without citrate over the same concentration range showed no significant 
difference. On the basis of these observations it was felt that any observed 
elect of citrate on beryllium inhibition or magnesium activation of phos- 
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phatase would not be due to any defect in color development or to a direct 
effect of citrate on the enzyme. 

In these experiments magnesium or beryllium was added to the substrate 
and varying concentrations of citrate (as sodium citrate) added prior to the 
introduction of the enzyme. The results of such an experiment are re- 
corded in Fig. 3. 

It can be seen that with increasing concentrations of citrate in the reae- 
tion mixture the activating effect of magnesium is reduced toward the 
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Fic. 3. Effect of increasing concentrations of citrate on beryllium inhibition and | 


magnesium activation of phosphatase. 


region of the control. Similarly, the inhibitory influence of beryllium is 
considerably reduced. In one experiment, magnesium activation was 
completely abolished by 0.02 m citrate, a concentration which did not com- 
pletely erase the beryllium effect. When both beryllium and magnesium 
were added together with 0.02 m citrate, neither was able to exert its char- 
acteristic effect. 

Effects of Aging and Dilution of Concentrated Intestinal Phosphatase on 
Phenomena Described Above—We have found that there is a gradual change 
in the behavior of the concentrated intestinal phosphatase that we have 
been using for these experiments. Over a period of about a month the 
activity is about halved, while the activating effect of magnesium increases 
from 40 to 300 per cent. On the other hand, the percentage of inhibition 
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by beryllium remains almost constant throughout this period. It is noted 
that with the passage of time the characteristic dominance of beryllium 
over magnesium is lost. Beryllium dominance can be brought back, how- 
ever, if a preparation is used which has been allowed to stand in a diluted 
state for a day or two before use, thus reducing the magnesium-activating 
effect. The findings in reference to changes in activity and magnesium 
effect in aging of the enzyme are in accord with those of Fischer and Greep 
(20). The explanation of these changes is obscure. 


DISCUSSION 


Evidence has been presented to show that beryllium exercises an inhibi- 
tory effect on the activity of alkaline phosphatase from various sources. 
The experiments suggest that beryllium as inhibitor and magnesium as 
activator compete for control of the enzyme molecule. Under the condi- 
tions of the experiments, which were such as to allow each metal to act in 
its optimal concentration and involved the use of relatively fresh prepara- 
tions, beryllium seemed to have a greater affinity for the enzyme than did 
magnesium. It should be mentioned that the use of other substrates 
(phenyl phosphate and phenolphthalein phosphate) did not alter these 
findings. Furthermore, the use of a veronal buffer in the hands of another 
investigator gave the same results.’ 

It is suggested that the observed effect of citrate on beryllium inhibition 
of phosphatase might have some value in the treatment of beryllium poison- 
ing. 

These findings are difficult to interpret in relation to the sarcomagenic 
and rachitogenic properties of beryllium, and the clarification of the inti- 
mate relationship of these metals to the enzyme must await further ad- 
vances in the purification of the latter. There is no clear cut evidence that 
the toxicity of beryllium is related to its effects on phosphatase, but it is felt 
that these investigations shed some light on the biochemistry of this element 
and may lead to further clarification of the toxicology of beryllium as well 
as the biochemistry of sarcomagenesis. 


SUMMARY 

1. Crude alkaline phosphatase preparations from several sources and a 
relatively pure alkaline phosphatase are inhibited by small concentrations 
of beryllium. 

2. The per cent of inhibition of phosphatase by beryllium is not appre- 
tiably affected by the presence of magnesium. 

3. The inhibitory effect of beryllium is more marked than the activating 
effect of magnesium. 


* Klemperer, F., personal communication. 
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4. The inhibitory effect of beryllium reaches a maximum in less than 4 
hours. The activating effect of magnesium in the presence of beryllium 
is almost completely lost when beryllium has been in contact with the 
enzyme for 9 hours. 

5. Citrate reverses the beryllium inhibition and the magnesium activa- 
tion. 

6. It is suggested that there is a competitive relationship between beryl- 
lium and magnesium to the enzyme molecule, which is of interest because 
of the known rachitogenic and sarcomagenic effects of beryllium. 


We are indebted to Dr. Joseph C. Aub, Dr. Paul C. Zamecnik, Miss 
Dorothy M. Tibbetts, and Dr. F. Klemperer for useful suggestions during 
the course of this study, and to Dr. G. Schmidt for supplying some of his 


enzyme. 
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THE PREPARATION OF C-LABELED BIOTIN AND A STUDY 
OF ITS STABILITY DURING CARBON DIOXIDE FIXATION 


By DONALD B. MELVILLE, JOHN G. PIERCE,* anv C. W. H. PARTRIDGE 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, March 28, 1949) 


Several lines of evidence indicate that biotin is involved in the biologi- 
cal fixation of carbon dioxide. Lardy, Potter, and Elvehjem (1) have 
demonstrated that the biotin requirement of Lactobacillus arabinosus is 
partially replaceable by oxalacetate and that the growth stimulation of 


| this organism by carbon dioxide is evident only when biotin is present. 


From microbiological studies with antimetabolites, Shive and Rogers 
(2) have concluded that biotin is effective in the formation of a-keto- 
glutarate in Escherichia coli, and in the formation of oxalacetate in L. 
arabinosus. Lichstein and Umbreit (3) have suggested that biotin is a 
coenzyme in the oxalacetate decarboxylase enzyme system in £. coli. 
Ochoa and his coworkers (4) found a decreased activity of the carbon 
dioxide-fixing ‘‘malic’’ enzyme in livers from biotin-deficient turkeys, 
whereas livers from folic acid-deficient turkeys were normal in this re- 
spect. On the other hand, these workers were unable to identify biotin 
as a constituent of the purified enzyme. In biotin-deficient rats, Robert- 
son and Lardy (5) have reported a decreased fixation of labeled carbon 
dioxide in aspartic acid and arginine. 

While the above studies implicate biotin as an important factor in 
carbon dioxide fixation, the mechanism involved remains obscure. Based 
on the structure of biotin and its known chemical reactions, it was early 
postulated (6) that the vitamin might enter into biological carbon dioxide- 
transferring mechanisms by virtue of an opening and closing of the ureido 
ring system. ‘The carbon dioxide thus incorporated into the biotin mole- 
cule would then presumably be transferred to pyruvic acid or other sub- 
strate concerned in the fixation of carbon dioxide. 
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Such a mechanism is amenable to investigation with radioactive car. 
bon. Demonstration that the ureido carbon of biotin is biologically 
labile would offer strong evidence for the mode of action of biotin in ear. 
bon dioxide fixation. Conversely, demonstration of its stability would 
afford a convenient method of labeling biotin with isotopic carbon for 





further investigations of its metabolic réle. Accordingly, we have syn. | 


thesized biotin containing C" in the ureido carbon atom, and have studied 
its fate during carbon dioxide fixation in L. arabinosus. 

The synthesis of the C-labeled biotin was accomplished by utilization 
of the previously described reaction of phosgene with the diaminocar. 
boxylic acid derived from biotin (7). Radioactive phosgene was prepared 
from C'-containing carbon monoxide, which in turn was conveniently 
prepared by the dehydration of radioactive formic acid obtained by the 
reduction of bicarbonate (8). Because of the relatively low requirements 
of living cells for biotin, the radioactive biotin was synthesized with the 
highest possible specific activity of C™ in the ureido carbon atom. 

In a preliminary experiment with the C'*-labeled biotin, aspartic acid 
was isolated from L. arabinosus cells which had been grown in an aspartic 
acid-free medium in the presence of the labeled vitamin, since much of 
the carbon dioxide fixed by this microorganism appears in the synthe- 
sized aspartic acid (9). No detectable radioactivity was present in the 
isolated aspartic acid or in the gas phase above the culture. 

Because of the extremely high dilution of radioactivity inherent in this 
type of experiment if transfer of C™ did occur, a different approach was 
devised to eliminate the necessity of detecting radioactivity of a low order. 
It was also desirable to ascertain whether C'* might be transferred to sub- 
stances other than aspartic acid. 

As described in the experimental section of this paper, L. arabinosus 





cells were grown in an aspartic acid-free medium in the presence of a | 


known amount of radiobiotin. The cells and medium were then sepa- 
rated and the amount of radiobiotin in each was determined by an iso- 
tope dilution technique. In the case of the medium, this was accom- 
plished simply by the addition of a conveniently large amount of 
non-isotopic biotin to the medium and reisolation of the biotin and puri- 
fication to constant specific radioactivity. In the case of the cells, non- 
isotopic biotin was added prior to acid hydrolysis and reisolated from 
the hydrolyzed cells. 

Quantitative estimation of the radioactivity present in the isolated 
biotin samples was accomplished by comparison in the Geiger-Miiller 





counter with a radiobiotin standard prepared by dilution of the highly | 


active radiobiotin with non-isotopic biotin. This procedure eliminated 
the necessity of conversion of the samples to barium carbonate, with the 
resultant decrease in specific activity. 
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Results 


The results obtained are given in Table I, in terms of total counts and 
also, by calculation from the radioactivities, in terms of biotin. For 
comparison, Table I also lists the biotin contents of the cells and medium 
obtained by microbiological assay with L. arabinosus and with Saccharo- 
myces cerevisiae. 

It can be seen that 93 per cent of the C™ originally present in the radio- 
biotin is recovered at the end of the growth period as radiobiotin. Fur- 
thermore, the L. arabinosus assay values for the biotin contents of the 
cells and medium are in good agreement with the biotin contents calcu- 
lated from the radioactivity data. These results demonstrate that no 
appreciable exchange of the C’-labeled ureido carbon atom of biotin with 


TaBLeE |] 


Radiobiotin Content and Microbiological Assay of Medium and Cells after Growth of 
L. arabinosus in Presence of 7.82 y of Radiobiotin 








Radiobiotin analyses | L. arabinosus | S. cerevisiae 
| parser per min. | Y radiobiotin® % Y biotin | . a 
Cells. . ee 1955 1.36 | 1.32 1.8 
meee | _ 7850 5.48 | 5.63 | 8.9 
Se ere | 9805 | 6.84 | 6.85 10.7 





* Calculated from comparison with the standard radiobiotin preparation con- 
taining 3.66 + of radiobiotin and possessing 5250 counts per minute. 


non-isotopic carbon has occurred. The conditions of the growth experi- 
ment are such that carbon dioxide fixation involving biotin must be ac- 
tively occurring, since in the absence of aspartic acid in the medium L. 
arabinosus synthesizes the aspartic acid needed for its growth from oxal- 
acetate, which in turn is formed by biotin-controlled carbon dioxide 
fixation (10, 1). That fixation was indeed occurring under the conditions 
of the present experiment was confirmed by the demonstration of the 
formation of C"-labeled aspartic acid by the cells of a control culture 
grown under similar conditions, with non-labeled biotin and in the pres- 
ence of radioactive carbon dioxide. 

It seems logical to expect that during active growth an appreciable 
fraction of the cellular biotin would be participating in the enzymatic 
reactions concerned with carbon dioxide fixation and that consequently 
a readily detectable portion of the C™ of the radiobiotin should have been 
replaced with non-radioactive carbon if the mechanism under investiga- 
tion were correct. The results obtained, therefore, are a strong indica- 
tion that the ureido carbon atom of biotin is not directly involved in the 
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transfer of carbon dioxide during carbon dioxide fixation in L. arabinosus, 
Studies on biotin-deficient rats injected with radiobiotin suggest that 
essentially the same conclusion with regard to biotin and carbon dioxide 
fixation can be drawn for the mammal (unpublished observations), 

The assays with S. cerevisiae demonstrate that a considerable amount 
of L. arabinosus-inactive, yeast-active material is produced by L. arabi- 
nosus during growth. The major portion (85 per cent) of this materia] 
is present in the medium at the end of the growth period. If it is derived 
exclusively or in large part from biotin, it must possess a biological ac- 
tivity markedly higher than that of biotin, in view of the high recovery of 
radiobiotin. That it is not readily converted to biotin was shown by the 
fact that L. arabinosus assay values were not increased after hydrolysis 
of the medium. 


EXPERIMENTAL 


Synthesis of C'-Labeled Biotin—The radioactive barium carbonate 
used as the starting material was purchased from the Clinton Labora- 
tories of the Monsanto Chemical Company, on allocation from the United 
States Atomic Energy Commission. Approximately 1 mec. (101.2 mg.) 
was converted to potassium formate by the procedure previously de- 
scribed (8). The formate solution was evaporated to dryness in a 20 X 
200 mm. glass tube equipped with a ground glass joint. A glass cup con- 
taining 2 ml. of concentrated sulfuric acid was placed in the tube and the 
tube was closed by means of a head equipped with suitable inlet and out- 
let tubes which could be sealed by means of stop-cocks. After evacua- 
tion of the system with an oil pump, the acid and formate were mixed 
by tipping the apparatus, and the mixture was warmed to 70° for a few 
minutes to complete the liberation of carbon monoxide. A slight excess 








(12 ml.) of dry chlorine gas was drawn into the system from a gas burette, _ 
and the gas mixture was irradiated with a 100 watt internal reflector | 


lamp for 30 minutes at a distance of 12 inches. 

50 mg. of the diaminocarboxylic acid sulfate derived from d-biotin (11) 
and 1.5 ml. of 1.7 n NaOH solution were placed in a second, similar glass 
apparatus. The inlet tube of this system was attached to a tube con- 
taining a small amount of mercuric sulfide, for the removal of unchanged 
chlorine. The apparatus was flushed with nitrogen and was connected 
to the apparatus containing the phosgene. A stream of nitrogen was 
used to carry the phosgene through the tube of mercuric sulfide into the 
vessel containing the diamino acid, where it was frozen out by means of 
a liquid nitrogen bath. After 1.5 hours, the flow of nitrogen was stopped 
and the vessel containing the frozen phosgene and diamino acid was 
evacuated briefly by the use of an oil pump, and was sealed by means of 
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stop-cocks. After the contents had warmed to room temperature the 
apparatus was shaken for 1 hour. The solution was then acidified and 
the liberated carbon dioxide was collected in a scrubber containing alkali. 
The d-biotin crystals which separated from the acidified solution were 
collected and recrystallized from water. The yield was 10.4 mg., micro 
melting point 226-230°. This material was used in the growth experi- 
ments. 

The mother liquors from the first crystallization were made alkaline 
and treated with non-isotopic phosgene in excess. From this reaction 
25 mg. of biotin possessing a lower order of radioactivity were obtained. 

For radioactivity analyses, samples of the biotin were oxidized to carbon 
dioxide by the wet combustion method of Van Slyke and Folch (12). 
Analyses were carried out on barium carbonate pads as previously de- 
scribed (8). From a total of 1.27 X 10% counts per minute in the barium 
carbonate used as starting material, 1.28 X 10’ counts per minute were 
obtained in the 10.4 mg. of biotin, and 5.74 X 10° counts per minute in 
the 25 mg. sample of biotin obtained from the mother liquors. The 
carbon dioxide recovered from the last step of the synthesis contained 
7.1 X 107 counts per minute. Therefore approximately 70 per cent of 
the original radioactivity was accounted for in these fractions. No 
attempt was made in this work to improve the yield in the last step of 
the synthesis. 

Growth of L. arabinosus with Radiobiotin—A culture of L. arabinosus 
17-5 which had been carried in dextrose-yeast-agar stab cultures (13) 
was grown for 20 hours at 37° in 10 ml. of basal medium (14) containing 
0.0002 y of biotin. The cells were separated by centrifugation, washed 
with 10 ml. of saline, and resuspended in 20 ml. of saline. Two 450 ml. 
portions of aspartic acid-free medium (15), each containing 3.66 y of the 
radioactive biotin, were sterilized in 3 liter Fernbach flasks and then in- 
oculated with 1 ml. portions of the saline suspension. The flasks were 
incubated for 28 hours at 37°. 

At the end of the growth period, the cells were separated by centrifu- 
gation, washed three times with cold water, and dried from the frozen 
state. The weight of the dried cells was 327 mg., and the volume of the 
combined medium and washings was 960 ml. A control culture without 
added radiobiotin showed no growth. 

Microbiological assays on the medium and cells were carried out by 
the L. arabinosus method of Snell and Wright (13) and the yeast method 
of Snell, Eakin, and Williams (16), with modifications in the media (14). 
For assay the cells were hydrolyzed with 2 N sulfuric acid for 2 hours. 
The results are given in Table I. Hydrolysis of the medium under the 
same conditions did not increase the biotin values over those obtained 
with unhydrolyzed medium. 
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Isolation of Radiobiotin from Medium—To 500 ml. of medium were 
added 150 mg. of non-isotopic d-biotin (Merck), which was dissolved by 
warming. The biotin was reisolated by adsorption on 5 gm. of charcoal 
and elution from the charcoal with two 50 ml. portions of a 1:6:3 con- 
centrated ammonia-ethanol-water mixture. The eluate was evaporated 
to dryness and the residue was dissolved in a small volume of water, 
Acidification with HCl yielded crystals of biotin. For further purifica- 
tion the biotin was converted to the methyl ester by treatment with 
diazomethane, and the ester was sublimed in vacuo and then crystallized 
from a methanol-ether mixture. Saponification of the ester yielded 94 
mg. of crystalline biotin. 

Isolation of Radiobiotin from L. arabinosus—To 250 mg. of dried L. 
arabinosus cells were added 150 mg. of non-isotopic d-biotin and the mix- 
ture was autoclaved in a sealed vessel with 12 ml. of 2. N sulfuric acid for 
2 hours. Incorporated in the system was a side arm containing NaOH 
solution to trap liberated carbon dioxide. The amount of radioactivity 
in the carbon dioxide liberated was markedly decreased by the addition 
of the non-isotopic biotin prior to hydrolysis, compared to hydrolysis 
without added biotin. The hydrolysate was adjusted to pH 5 with NaOH 
and the biotin was removed by adsorption on charcoal and was purified 
by the same procedure that was used in the case of the medium. The 
yield of crystalline biotin was 97 mg. 

Radioactivity Analyses—Comparisons of the specific activities of the 
purified biotin samples from the cells and medium were made with a 
standard prepared by crystallizing 150 mg. of non-isotopic d-biotin in the 
presence of 3.66 y of radiobiotin. The samples were counted directly 
as pads of biotin crystals; these were prepared by dissolving 50 mg. ali- 
quots in 5 ml. of water with a few drops of 4 n KOH, and then acidifying 
with HCl. The precipitated samples were collected on filter paper disks 
in the same apparatus used for the preparation of barium carbonate pads. 
That the samples contained no appreciable amounts of radioactive im- 
purities was indicated by the identical specific activities shown by these 
pads and pads prepared from the corresponding purified methyl esters. 

The biotin pads were counted by means of a mica window Geiger- 


Miller tube and associated scaling circuit. The standard biotin prepara- | 
tion (43.6 mg.), the biotin from the cells (45.5 mg.), and that from the | 


medium (45.2 mg.) gave 307, 88, and 240 counts per minute above back- 


ground, respectively. The values given in Table I are those obtained | 


after correction to zero self-absorption. The carbon dioxide liberated 
during the hydrolysis of the L. arabinosus cells was counted as barium 
carbonate and was found to contain a negligible amount of radioactivity. 
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SUMMARY 


Biotin labeled with C' in the ureido carbon atom has been synthesized 
from radioactive phosgene and the diamino acid derived from biotin. 

The stability of the ureido ring system of biotin during the biotin- 
controlled fixation of carbon dioxide by Lactobacillus arabinosus was 
studied. Growth of this organism in the presence of the labeled biotin, 
under conditions requiring the participation of biotin in carbon dioxide 
fixation, did not result in any detectable replacement of the C™ of the ra- 
diobiotin with non-radioactive carbon. 

It is concluded that the mechanism whereby biotin promotes carbon 
dioxide fixation does not involve a transfer of the ureido carbonyl group 
of the biotin molecule. 
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THE LECITHIN, CEPHALIN, AND SPHINGOMYELIN CONTENTS 
OF PLASMA AND LIVER OF THE FOWL; THEIR METABOLIC 
INTERRELATIONS AS SHOWN BY THE ADMINISTRATION 
OF DIETHYLSTILBESTROL 


By R. E. RANNEY, C. ENTENMAN, anp I. L. CHAIKOFF 


(From the Division of Physiology, University of California 
Medical School, Berkeley) 


(Received for publication, March 7, 1949) 


In 1944, Taurog et al. (1) pointed out that practically all of the phos- 
pholipides in plasma of man and dog contain choline. This indicates 
that the plasma phospholipides of these two species consist almost en- 
tirely of lecithins and sphingomyelins. Confirmation of this finding has 
now come from Hack (2) and from Sinclair (8-5). The former reported 
that about 95 per cent of the phospholipides in the serum of normal human 
subjects are choline-containing and Sinclair found that 3 to 8 per cent 
of the plasma phospholipides in man, dog, beef, and p:¢ are cephalins. 

The composition of plasma phospholipides of the bird differs, however, 
from that of the mammal. Thus, Flock and Bollman (6) reported that 
only 53 per cent of the plasma phospholipides of the domestic fowl are 
choline-containing, whereas Sinclair (3-5) has shown that in turkey serum 
no more than 80 per cent of the phospholipides are of this type. 

By combining two methods, (1) that developed by Taurog e¢ al. (7) 
for separating choline-containing and non-choline-containing phospho- 
lipides by permanent adsorption of the latter upon MgO and (2) that of 
Schmidt et al. (8), based on the selective destruction of lecithins in a so- 
lution of choline-containing phospholipides, it became possible to meas- 
ure separately the concentrations of lecithins, cephalins, and sphingomye- 
lins in tissues. These methods were used in an earlier study dealing with 
dog tissues (9) and in the present investigation they have been applied 
to a study of plasma phospholipides of the domestic fowl. In order to 
investigate further the metabolic significance of the three types of phos- 
pholipides found in the bird, the plasma of the domestic fowl injected with 
stilbestrol was also examined. This procedure has been shown to induce 


a lipemia not only in the non-laying female bird but also in the male 
bird (10). 


EXPERIMENTAL 


Treatment of Animals—Single comb white Leghorn-New Hampshire 
cross-bred chickens purchased on the open market were used in this inves- 
307 

















© 


308 PHOSPHOLIPIDES OF PLASMA AND LIVER 


tigation. A few single comb white Leghorns obtained from the Poultry 
Division of this university were also used. All birds were immature 


TABLE I 


Phospholipide Fractions in Plasma of Normal and Diethylstilbestrol-Injected Immature 
Single Comb White Leghorn-New Hampshire Crossbred Male Fowl! 








| 
Choline-containing Canal 
i phospholipides phasns 


























j | Total j 
? Das . Perc f total 
Bird | Weight | Age | | eke] Shcautidigides Per cent 
| | ides | Leci- | por es of total 
| wei elins Leci- Sphin- Pie 
| | | thins — » 
ial | whs. lod aes ey — 
Control | A 740} 14 | 196| 131 | 22 | 66.7| 11.2) 43 | 21.5 | 
| D | 920] 14 | 167} 112] 21 | 67.6) 12.6} 34 | 21.0 
| EB | 1100) 15 | 204 | 140] 31 | 68.5) 15.2) 33 | 16.0 | 
H | 1010} 15 | 128] 75 | 26 | 68.5 | 20.3) 27 | 211 | 
N | 920] 9 | 152| 98] 14 | 64.2) 8.8] 41 | 27.0 | 
R | 1360| 12 | 124] 80} 18 | 64.2| 14.8) 26 | 21.0 
ns ie: Era maar ae I | 
Mean | 162} 108| 22 | 64.9 | 13.8 | 34 | 21.3 
8.E.* | 3.59 3.96, "3.40 
Injectedt K | 940! 9 | 1000/ 705| 60 | 70.5! 6.0/ 235 | 23.5 
L | 920; 9 | 1130| 855| 15 | 75.6} 1.3| 260 | 23.1 | 
| M | 840} 9 | 1020} 750] 12 | 73.5] 1.2) 258 | 25.3 | 
| O | 920] 9 | 865} 652) 25 | 75.4] 2.8) 188 | 21.8 \ 
| P | 1500} 12 | 387) 309] 20 | 79.8} 5.2) 58 | 15.0 
| Q | 1420} 12 | 805! 575/| 63 | 71.5) 7.7 | 167 | 20.8 
| S | 1390! 12 | 1080} 695 | 121 | 67.5 | 11.7 | 214 | 20.8 
| T | 1440; 12 | 1030] 720| 51 | 69.9} 5.0 | 259 | 25.1 
| U | 1360} 12 | 1140 | 78 | 72 | 68.2| 6.4 | 200 | 25.4 
ote af | | 
Mean | 934 | 671 | 54 | 72.4) 5.1) 214 | 22.3 
S.E.* | | 3.98) 3.32) 3.09 
— 
* Standard error = he Z. (x; — #)?. 
a t=1 
t The injected birds received a total of 5 mg. per kilo of stilbestrol in corn oil 





intramuscularly. This amount was administered in three equal doses over a 24 hour | 
period. The control birds received simultaneously equivalent amounts of corn oil ) 
alone. 


males, ranging in age from 9 to 15 weeks at the time they were sacrificed. 
Diethylstilbestrol was injected intramuscularly. The crystalline ma- 
terial was dissolved in corn oil and administered in a concentration of 2 
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mg. per cc. The amounts injected are recorded in Tables I and II. The 
control birds received only corn oil. The total dose recorded was di- 
vided into three equal portions: the first was injected between 8.00 and 9.00 
am.; the second, between 4.00 and 5.00 p.m. of the same day; and the 
third, between 8.00 and 9.00 a.m. of the next day. 

Blood was removed by heart puncture 48 hours after the first injection 


TaBLeE II 


Phospholipide Fractions in Livers of Normal and Diethylstilbestrol-Injected Immature 
Single Comb White Leghorn-New Hampshire Crossbred Male Fowl 








} | 














| Choline-containing phospholipides | Cephalins 
i a a at Suiits eaeeiecegses 
: iv — | Percent fresh | Percent of total | 

| Bid? | weight fez ~3 tissue | Phospholipides | Per cent wy cnet 
| fresh | —____ — | ——__———_|_ fresh | phospho- 

tu LLecithins SPbing ILecithins | wD i 

O°: ORES GEER SEY Pe, aR af Db Sa 

Biagle | | | | | 

Normal E | 36.69| 2.53) 1.28] 0.09) 50.5) 3.8 | 1.16| 45.6 
H | 29.40} 3.11] 1.46} 0.15} 47.0| 4.6 1.50 | 48.4 

N | 16.29! 3.10! 1.41] 0.25] 45.5] 8.1 1.44 | 46.4 
R | 30.76| 2.95} 1.43] 0.18| 48.5| 6.0 | 1.84] 45.5 

Injectedt L | 29.39} 3.38] 1.65} 0.22} 48.7] 6.5 | 1.51] 44.7 
M | 22.43} 3.52| 1.66] 0.22| 47.2] 6.3 | 1.64 | 46.6 

O | 24.68; 3.43] 1.80] 0.08} 52.5) 2.3 | 1.65 | 45.2 

P | 52.25 | 3.02] 1.54] 0.07) 51.0] 2.3 | 1.41 | 46.7 

Q | 52.79] 2.65} 1.23] 0.17) 46.4] 6.5 1.25 | 47.1 

S | 44.82 | 3.12) 1.48] 0.19 | 47.5 | 6.1 1.45 | 46.4 
T | 45.47 | 3.30) 1.74 0.04 | 52.7| 1.3 | 1.52 | 46.0 

U | 44.93 | 3.18} 1.54] 0.20) 48.4) 6.4 | 1.44| 45.2 











| 


*See Table I for body weights and ages. 
t See note to Table I. 


was made. The birds were then sacrificed by an injection of nembutal, 
and the livers were removed for analysis. 

Immediately after each bird was sacrificed, its liver was removed and 
thoroughly ground. Samples of the minced tissue (approximately 10 gm.) 
were then weighed and placed in a flask containing 100 ec. of alcohol. 
These samples were stored at —18° until analyzed. 


Methods 


Extraction of Lipides—Plasma was treated for 1 hour, at 55-60°, with 
10 volumes of a 3:1 alcohol-ether mixture. The supernatant was filtered 
and the residue reextracted, for 1 hour, with 5 volumes of the same sol- 
vent mixture. The second extract was again filtered and the two extracts 

















310 PHOSPHOLIPIDES OF PLASMA AND LIVER 


combined. The combined extracts were then concentrated to a small 
volume at reduced pressure in an atmosphere of CO:. The concentrate 
was treated with several portions of petroleum ether and the combined 
petroleum ether extracts were made to suitable volume with the same 
solvent. 

The lipides were extracted from the liver according to the procedure 
outlined by Taurog et al. (7). 

Separation of Lecithins, Cephalins, and Sphingomyelins—The total phos- 
pholipide content of each extract was measured by its phosphorus con- 
tent. Phosphorus was determined by King’s method (11). Choline. 
containing and non-choline-containing phospholipides were separated 
according to the method of Taurog et al. (7). In this procedure the phos- 
pholipides contained in a petroleum ether extract are adsorbed on Mg0, 


The choline-containing phospholipides are then eluted from the MgO by | 


methanol, while the cephalin fraction remains permanently adsorbed, 

The methanol solution of lecithins and sphingomyelins was brought to 
near dryness, suspended in 1 n KOH, and incubated at 37° for 24 hours 
according to the procedure of Schmidt e¢ al. (8). This hydrolyzed the 
lecithins and rendered the phosphorus component of this fraction soluble 
in 10 per cent trichloroacetic acid. Sphingomyelins are unaffected by this 
mild hydrolysis. 

The amount of cephalin P contained in a petroleum ether extract was 
calculated as the difference between the total P content of the extract 
and the P present in the methanol eluate (the fraction having the choline- 


containing phospholipides). The value for lecithin P is given by the | 


acid-soluble P found after hydrolysis of the methanol eluate. Sphingo- 
myelin P is represented by the difference between the total P of the 
methanol eluate and the acid-soluble P found after the mild hydrolysis 
of this eluate. 


The reliability of the above procedure for separating sphingomyelin P | 


from lecithin P of plasma has been discussed by Zilversmit ef al. (9). 
Since the value for sphingomyelin P is obtained as a difference between 
choline-containing phospholipide P and lecithin P, this value is subject 
to the errors of the individual determinations. The values for these in- 


dividual determinations were much higher in the stilbestrol-injected birds | 


than in the normal, and therefore the sphingomyelin values reported 


below for the injected birds are probably more reliable than those of / 


normal birds. 


Results 


Normal Bird—The composition of plasma phospholipides of the normal 
male fowl is shown in Table I. Lecithins and sphingomyelins compris? 
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about 65 per cent and 14 per cent, respectively, of the phospholipides, 
while cephalins amount to about 21 per cent. Thus, by the use of another 


| method, we have confirmed the observation of Sinclair (8-5) that ap- 
| proximately one-fifth of the plasma phospholipide of the bird is com- 


_ posed of cephalins. 
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TaB_e III 
Cephalin, Lecithin, and Sphingomyelin Contents of Livers of Various Animals 





Per cent of total phospholipides 





Investigator | Species 








Choline- 
contain- Cephalins Lecithins Sphingomyelins 
ing | 
Present report..| Fowl, nor- | | 46.5 + 1.0* | 47.9 +1.9* | 5.6 + 1.6* 
| mal | 
“ “ ..| Fowl, _ stil- | | 45.8 + 0.8* | 49.3 + 2.3* | 4.7 + 2.2* 
bestrol- | | | 
| injected | | 
MacLachlan et | | 
al, (12).......| Mouse 58 | 42 
Hodge et al. (13).| 42 | 56 
Welch (14)...... | Rat 39 | 45 
Williams et al. | | 
a 26 | 69 | 5 
Artom (16).....) “ 57 | 43 
Entenman and | 
Chaikoff, un- | | 
published. . ... tes 60 | 40 | 
Taurog et al. (7).) Dog 58 | 42 | 
Williams et al. | | 
OS eaeeee ‘ge | | 38 | 58 + 
Kaucher et al. | | | 
ee | Beef | 37 | 58 5 





*See note to Table I. 


The composition of liver phospholipides of the normal fowl is recorded 
in Table II. The amounts of cephalins and lecithins found were nearly 
equal, whereas sphingomyelins were present to the extent of about 6 per 
cent. A comparison of the values observed here for the bird liver with 
reported values for other species is shown in Table III. Apparently the 
values for the bird are in the range of those found for other animals. 

Bird Injected with Stilbestrol—The effects of stilbestrol on the composi- 
tion of plasma phospholipides of the bird are shown in Table I. After 
the administration of stilbestrol, the lecithin and cephalin contents of 
plasma increased about 6-fold, while the concentration of sphingomyelins 
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showed relatively little change. Considerable variation was observed jy 
the sphingomyelin values in the stilbestrol-treated birds and, therefore. 
we can draw no conclusion as to whether plasma sphingomyelins are ip. 
fluenced by this estrogen. There can be no doubt, however, that the 
principal effect of stilbestrol is upon the monoaminophospholipides of 
plasma. 

The amount and distribution of liver phospholipides was unaffected 
by the estrogenic treatment (Table II). This is in agreement with earlier 
findings of Lorenz et al. (18) who showed that the phospholipide content 
of the liver of hens remained unchanged even during the extreme lipemia 
of the laying season. 


DISCUSSION 


The presence of significant amounts of non-choline-containing phos- 
pholipides in the plasma of the bird is fully confirmed by the results of 
this study. Approximately 20 per cent of the plasma phospholipides of 
the domestic fowl contains no choline, and hence this fraction must be 
regarded as composed of cephalins. In view of the almost complete ab- 
sence of cephalins in the plasma of several mammals examined (dog, man, 
pig, and beef), it is surprising to note that plasma cephalins of the bird 
are active metabolically, as judged by their response to the injection of 
stilbestrol. 

The lack of a demonstrable response on the part of plasma sphingomye- 
lins to the estrogen injection stands out in sharp contrast to the more 
than 6-fold increase exhibited by both of the monoaminophospholipides, 
the lecithins and cephalins. It is interesting to recall here that, in the 
dog, plasma sphingomyelins are less active than lecithins. In this animal, 
according to Zilversmit et al. (19), the turnover rate of plasma lecithins 
is more than 5 times that of the sphingomyelins. 

Fishler ef al. (20) have shown that, in the dog, plasma phospholipides 
are synthesized by the liver. Although appreciable amounts of cephalins 
exist in the liver of the dog (see Table III), they are not apparently avail- 
able for release to plasma, as are the lecithins and sphingomyelins. It 
seems reasonable to infer, for the bird, that the lecithins and sphingo- 
myelins found in its plasma are also synthesized in the liver. But whether 
its plasma cephalins likewise have a hepatic origin remains to be de- 
termined. 


SUMMARY 


1. In contrast to mammalian plasma (man, dog, pig, and beef), in 
which almost all phospholipides are of the choline-containing types, the 
plasma of the normal, immature male fowl contains about 21 per cell 
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ephalins. Approximately 65 per cent of plasma phospholipides are lec- 
ithins and 14 per cent are sphingomyelins. . 

2. Not only are cephalins present in the plasma of the fowl but, as 
judged by the response of plasma to the injection of stilbestrol, they also 
engage in metabolic activities at a rate proportional to that of plasma 
lecithins. The sphingomyelins of plasma, on the other hand, are less 
active than cephalins, as judged by the response of plasma to the estrogen. 

3. Liver phospholipides in the normal bird are composed of 48 per 
cent lecithins, 46 per cent cephalins, and 6 per cent sphingomyelins. Their 
amounts were not changed by the injection of stilbestrol. 
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DETERMINATION OF FREE AND TOTAL CHOLESTEROL BY 
DIRECT CHLOROFORM EXTRACTION* 


By GEORGE R. KINGSLEY anp ROSCOE R. SCHAFFERT 


(From the Clinical Biochemistry Laboratory, General Medical and Surgical Hospital, 
Veterans Administration Center, Los Angeles) 


(Received for publication, October 30, 1948) 


Since the Liebermann-Burchard reaction was adopted by Grigaut (1) for 
the quantitative determination of serum total cholesterol, many modified 
procedures of the original method have been made. The various pro- 
cedures have differed in extraction method and in the reagents used in 
the color development. The separation of cholesterol from its esters with 
digitonin has had limited application because of the time and labor 
required in the involved and delicate technique. The errors which are 
encountered in the Liebermann-Burchard color reaction of different cho- 
lesterol and cholesterol ester methods have been described by Sperry (2). 

Because of the different methods of extraction in use, the wide range 
of accepted normal values for total cholesterol, the difficulty of perform- 
ing cholesterol ester determinations, and the instability of color produced 
in the Liebermann-Burchard reaction, an investigation of the possible 
improvement in the method of determination of cholesterol and its ester 
was undertaken. 

The method reported has been satisfactorily used over the past 2 years 
for the determination of several hundred serum cholesterols and choles- 
terol esters. 


Method 

Reagents— 

Sulfuric acid, concentrated (c.p. or A. C. S.). 

Acetic anhydride (c.p. or A. C. §8.). 

Magnesium sulfate, anhydrous. Dry U. S. P. magnesium sulfate at 
150-200°. Discard caked or melted crystals. Heat slowly, to avoid 
melting or caking of crystals. 

Acetic anhydride-sulfuric acid reagent. Mix cautiously 4 parts of cold 
acetic anhydride and 1 part of cold sulfuric acid (0-5°) in a stoppered 


* Jean Weiser of this laboratory aided in the investigation of this method. Albert 
De Lalla (T/4) and Leon Shew (T/5) of the 1938rd (United States) General Hospital, 
gave technical assistance in a preliminary investigation of this method. 

Published with the permission of the Chief Medical Director, Department of 
Medicine and Surgery, Veterans Administration, who assumes no responsibility for 
the opinions expressed or conclusions drawn by the authors. 
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Erlenmeyer flask placed in powdered ice. Use immediately after milf ® 
ing. reagent 

Chloroform (c.p. or A. C. S.). 1.9 gm 

Chloroform-digitonin reagent, 0.1 per cent. Add 0.4 gm. of digitonj! V9 
to 400 ml. of reagent grade chloroform. Mix 5 minutes in a WaringAdd 0. 
blendor, cool, and mix again for 5 minutes. If a high speed blendor jl sect 
not available, shake the mixture in a Kahn shaker for 30 minutes an(Y 
store at 37° for 1 week before using. Shake the mixture each time befonilt the 
use. 

Stock cholesterol standard. Dissolve 100 mg. of ash-free cholesterd 
(m.p. 149°) in chloroform and dilute to 100 ml. at the temperature of "em 
the refrigerator where it is stored. per ce! 

Working cholesterol standard. Dilute 10 ml. of stock standard to 10) Tot 
ml. with redistilled chloroform in the same manner as the stock standardi? the 
and store in the refrigerator. Choi 

Standardization—Add 1, 2, 3, 4, 5 ml. of working cholesterol stand.terol € 
ard to photometer cuvettes and dilute each to 5 ml. with chloroform. ©” 
Add 2 ml. of ice-cold fresh acetic anhydride-sulfuric acid reagent, miy, lester 
and read the color as directed in “Procedure.” Cor 


Procedure 


Total Cholesterol—Add 0.2 ml. of serum to 10 ml. of chloroform in a 
15 X 150 mm. hollow glass stopper test-tube. Stopper tightly. (Us In 
chloroform-washed corks if glass-stoppered test-tubes are not available.) used 4 
In the same manner add 0.2 ml. of distilled water to 10 ml. of chloroform by ev 
for the blank determination, and also to 2 ml. of working cholesterol anhyc 
standard and 8 ml. of chloroform for standard determinations. Shake loss o 
for 5 minutes in a Kahn shaker. Add 1.5 gm. of anhydrous magnesium devel 
sulfate and stopper. Mix immediately to avoid caking of sulfate and from 
again shake 5 minutes in a Kahn shaker. Add 0.5 gm. of fullers’ earth vents 
and stopper. Mix vigorously 10 seconds by hand and centrifuge imme- of ch 
diately for 10 minutes at 3000 r.p.m. Pipette 5 ml. of the clear super Wh 
natant chloroform extract into a photometer cuvette and add 2 ml. of tein « 
freshly prepared acetic anhydride-sulfuric acid reagent. Mix by twit for e: 
ing; do not invert. After mixing, read the color developed at 4 to7 cag, 
minute intervals to obtain the maximum reading if the temperature of the sulfw 
reaction mixture is 25°, at 10 to 15 minute intervals at 20°, or at other magr 
time intervals as indicated by the temperature (see Fig. 2). Read im , K 
the photometer against a chloroform blank set at 100 per cent transmis) ¢.g94) 
sion with 625 mu light transmission. Use the maximum reading for) +R 
calculation. *0. 
Cholesterol Ester—Add 0.2 ml. of serum and 0.2 ml. of distilled water “4nd 
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er milor @ blank, separately, to two 10 ml. portions of chloroform-digitonin 

ragent; stopper tightly. Shake for 5 minutes in a Kahn shaker. Add 

5 gm. of anhydrous magnesium sulfate and stopper. Mix immediately 
igitoni,!0 avoid caking of the sulfate and mix in a Kahn shaker for 5 minutes. 
WaringAdd 0.2 ml. of acetic anhydride and stopper. Mix vigorously by hand 
ndor jpl0 seconds, add 0.5 gm. of fullers’ earth, and stopper. Mix 10 seconds 
tes anjby hand, and centrifuge 10 minutes at 3000 R.p.M. Continue as directed 
> befomit the total cholesterol procedure. 


Calculations 
lesterol 


ture of General Formula—Concentration in mg. per 100 ml. = K'(2 — log 
per cent 7’). 

to 199 Total Cholesterol, Ester and Reagent Blank*—Substitute per cent T 
‘andarjin the above formula. 

Cholesterol Ester Correction—(Cholesterol ester minus blank) — (choles- 
stand. terol ester minus blank) X 0.8. 
roform, Corrected Total Cholesterol—(Total cholesterol minus blank) — (cho- 
t, mix lesterol ester correction). 

Corrected Cholesterol Ester—(Cholesterol ester minus blank) X 0.8. 


EXPERIMENTAL 
mn in’ Simplification of Method of Cholesterol Extraction 


(Ue In most cholesterol methods hot alcohol-ether or alcohol-acetone is 
lable.) used to extract cholesterol from serum. These solvents must be removed 
roform by evaporation before the cholesterol is redissolved in chloroform or acetic 
lesterol anhydride for color development. This procedure involves possible 

Shake loss of cholesterol by oxidation from overheating, or retardation of color 
nesium development by water remaining after incomplete drying of the residue 
te and from previous extractions. Preliminary extraction with additional sol- 
’ earth yents other than chloroform increases the possibility of mechanical loss 

imme- of cholesterol. 

supe! When serum is shaken with chloroform, very little coagulation of pro- 
ml. of tein occurs for several minutes. A fine emulsion is formed which is ideal 
 twitl for extraction of the cholesterol. The use of alcohol, acetone, and heat 
4 to7 wagulates the serum proteins. The addition of 0.3 ml. of 10 per cent 
of the sulfuric acid, 0.3 ml. of 95 per cent ethyl alcohol, or 3 gm. of anhydrous 


t other magnesium sulfate to 0.5 ml. of serum before extraction with chloroform 
ead in 


insmis- 


'K = 688 at 20° for Coleman spectrophotometers, models 6 and 14, with No. 
| §304B cuvettes. 
ng for *Reagent blank = 97 to 99 per cent 7 with Coleman spectrophotometers. 
*0.8 = relative color correction for the ester when read against the cholesterol 
water Standard. 
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prevented the extraction of 11, 66, and 86 per cent, respectively, of the 
cholesterol present. If the serum is heated on a water bath 10 to » 
minutes at 100° before extraction, 83 per cent of the cholesterol is not 
extractable with chloroform. 

Direct chloroform extraction is also advantageous, as this extract cap 


be used directly for color development once it is free of water and serum | 


proteins. The water is easily removed by the additicn of anhydroys 


magnesium sulfate, which also precipitates the serum proteins after the | 
cholesterol has entered the chloroform solvent phase. The use of chloro. | 


TaBLeE I 


Comparison of Color Intensity Developed by Reagents Specified by Various Cholesterol 
Methods 


Temperature 19°; light transmission 625 my; total volume of reaction mixture 
7 ml.; cholesterol 0.5 mg. 





| | | | | 














| | | | Time of 
Con- 4 Fes | Maxt- 
} A at | Light | 
Method jcgntre| anby= | Asie | Choro] absory-| el 
H2SO. ride | | tion de- 
} } | velop- 
| j ment 
— ee eee - g -~ ee 
| vol. vol. | vol. | vol, | boi 
| per cent! per cent| per cent| per cent) P& Cem) min, 
Kingsley-Schaffert....................008. 5.7 | 22.9} 0.0 | 71.4 | 81.0] 10 
Myers-Wardell (6).............0.0.0c0ee: 1.6 | 16.4 | 0.0 | 82.0} 71.4| 45 
Macheboeuf-Delsal cholesterol method (5)) 0.7 | 71.0 | 0.0 | 28.3 | 62.5 100 
“3 ¥ ester 
method (5).........-.-. -.....| 0.7 | 49.6 | 0.0 | 49.6 | 65.5 | 100 
Schoenheimer-Sperry (4)................5. 3.3 | 64.4 | 32.2] 0.0 | 50.0| 8 
IEG, 2S AAW 1.4 | 28.2| 0.0 | 70.4 | 76.5} 15 








form for the direct extraction of serum cholesterol avoids the use of other 
solvents, heat for extraction and drying, and the loss of cholesterol by 
protein precipitation at the time of extraction. Mechanical loss is also 
decreased, as direct extraction with chloroform eliminates additional 
steps in the method. 


Determination of Optimum Proportion of Reagents for Development of Mas- 
imum Color and Color Stability in Liebermann-Burchard Reaction 


The method of Bloor (3) and its modifications for the determination 
of cholesterol are widely used. In this method chloroform is used as 
cholesterol solvent in the final color development. In the Schoenheimet 
and Sperry (4) method glacial acetic acid is used for the final solution df 
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cholesterol digitonide. This modification was made to stabilize the color 
development. However, as shown in Table I, much less color is de- 
veloped, and the color must be measured at exact temperatures and time 
intervals. Macheboeuf and Delsal (5) investigated the effect of varia- 
tion of the proportion of reagents in the Liekermann-Burchard reaction 
upon speed and intensity of color development and ccncluded that maxi- 
mum color with free cholesterol was obtained with 2 ml. of chloroform, 
5 ml. of acetic anhydride, and 2 drops of Nn sulfuric acid in 30 minutes 
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Fic. 1. Spectral transmittance of the color developed by 2 ml. of acetic anhydride 
sulfuric acid reagent (4:1) added to 0.5 mg. of cholesterol! in 5 ml. of chloroform 
0°. Transmittance 80 minutes after color development. 


at 25°. The maximum color for cholesterol esters was obtained with 
35 ml. of chloroform, 3.5 ml. of acetic anhydride, and 2 drops of N sul- 
furie acid at 25°. Macheboeuf and Delsal also noted that changes in 
temperature gave different rates of color development as greater color 
intensity was obtained at higher temperatures. 

After testing all possible combinations of reagents, the ratio of reagents 
&8 specified in the procedure for the new method was found to give greater 
maximum color than was yielded by other methods at 19°, as shown in 
Table I. Light transmission of 625 mz was used to make these readings, 
Maximum light absorption for the color developed by the Liebermann- 
Burchard reaction occurred at this wave-length (see Fig. 1). 
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prevented the extraction of 11, 66, and 86 per cent, respectively, of the| chel 
cholesterol present. If the serum is heated on a water bath 10 to 9)| dev 
minutes at 100° before extraction, 83 per cent of the cholesterol is no) Velo 
extractable with chloroform. | intel 
Direct chloroform extraction is also advantageous, as this extract cg, tion 
be used directly for color development once it is free of water and serum "P® 
proteins. The water is easily removed by the additicn of anhydroy ™u2 
magnesium sulfate, which also precipitates the serum proteins after the 5m 
cholesterol has entered the chloroform solvent phase. The use of chloro. 





TaBLeE I 


Comparison of Color Intensity Developed by Reagents Specified by Various Cholestero| 
Methods 


Temperature 19°; light transmission 625 my; total volume of reaction mixture 
7 ml.; cholesterol 0.5 mg. 





EE 


l | 

















| j Time of 
| Con- | Acetic : | Light pd 
} centra- Acetic | Chloro- | 
Method | signs | anhy- acid | Ree "ein | ie 
| 1 ment 
—— = Se — _— —_— i ne 
| vol. vol. vol, | vol. |, ; 
| per cent| per cent) per cent| per cent per cent) min. 
Kingsley-Schaffert............2.....0000. | 5.7 | 22.9] 0.0] 71.4 | 81.0] 10 
II ha Fi uso a Suing oak 1.6 | 16.4; 0.0 | 82.0 | 71.4) 45 
Macheboeuf-Delsal cholesterol method (5); 0.7 | 71.0) 0.0 28.3 | 62.5 100 
a ester | 
method (5)...........-. . ..... 0.7 | 49.6 | 0.0 | 49.6 | 65.5 | 100 
Schoenheimer-Sperry (4).................. 3.3 | 64.4 | 32.2} 0.0 | 50.0| 8 
A TA CARO we 1.4 | 28.2 | 0.0| 70.4 | 76.5| 15 Fi¢ 
sulfur 
at 0°, 


form for the direct extraction of serum cholesterol avoids the use of other 

solvents, heat for extraction and drying, and the loss of cholesterol by| # 28 
protein precipitation at the time of extraction. Mechanical loss is also 35 m 
decreased, as direct extraction with chloroform eliminates additional furie 


steps in the method. temps 
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imum Color and Color Stability in Liebermann-Burchard Reaction a8 Spe 


The method of Bloor (3) and its modifications for the determination} Maxir 
of cholesterol are widely used. In this method chloroform is used as 2 Table 
cholesterol solvent in the final color development. In the Schoenheimer, % ma 
and Sperry (4) method glacial acetic acid is used for the final solution d Burek 
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cholesterol digitonide. This modification was made to stabilize the color 
development. However, as shown in Table I, much less color is de- 
veloped, and the color must be measured at exact temperatures and time 
intervals. Macheboeuf and Delsal (5) investigated the effect of varia- 
tion of the proportion of reagents in the Lietermann-Burchard reaction 
upon speed and intensity of color development and ccncluded that maxi- 
mum color with free cholesterol was obtained with 2 ml. of chloroform, 
5 ml. of acetic anhydride, and 2 drops of n sulfuric acid in 30 minutes 
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Fig. 1. Spectral transmittance of the color developed by 2 ml. of acetic anhydride 
sulfuric acid reagent (4:1) added to 0.5 mg. of cholesterol] in 5 ml. of chloroform 
at 0°. Transmittance 80 minutes after color development. 


at 25°. The maximum color for cholesterol esters was obtained with 
3.5 ml. of chloroform, 3.5 ml. of acetic anhydride, and 2 drops of N sul- 
furie acid at 25°. Macheboeuf and Delsal also noted that changes in 
temperature gave different rates of color development as greater color 
intensity was obtained at higher temperatures. 

After testing all possible combinations of reagents, the ratio of reagents 
as specified in the procedure for the new method was found to give greater 
maximum color than was yielded by other methods at 19°, as shown in 
Table I. Light transmission of 625 mp was used to make these readings, 
& Maximum light absorption for the color developed by the Liebermann- 
Burchard reaction occurred at this wave-length (see Fig. 1). 
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Effect of Temperature, Time, Light, Cholesterol Concentration, and Water 
upon Stability and Intensity of Color Development 


The color developed with cholesterol in chloroform solution by the 
Liebermann-Burchard reaction with the reagents specified in the new 
method reached approximately the same maximum intensity, regardless 
of the temperature, as shown in Fig. 2. No correction was made for the 
change in volume of the reaction mixture at the lower or higher tempera- 
tures. At 0° the color reached maximum development at 70 minutes 
and remained stable for the following 80 minutes at this temperature. 
At 10° the color was stable at the 30 to 45 minute interval after the start of 
color development. At 20° maximum color was maintained at the 10 to 15 
minute interval after the start of the color development and at 30° at the 3 


5 





30° 
20° 
ee ee lo* o* 


| I5 30.4560 S90 —120_—C—*"o ISO 
TIME MINUTES 























Fic. 2. Effect of temperature on the stability and rate of color development in 
the Liebermann-Burchard reaction when 2 ml. of acetic anhydride-sulfurie acid re- 
agent (4:1) are added to 0.5 mg. of cholesterol in 5 ml. of chloroform 


to 6 minute interval. The effect of temperature on the intensity, stability, 
and rate of color development of cholesterol acetate in the Liebermann- 
Burchard reaction was the same as that on cholesterol, as equal, maximum 
color density of cholesterol acetate standards was reached in the same time 
intervals from 0-30°. Maximum color density of chloroform extracts of 
total cholesterol and cholesterol ester of serum also was reached in the 
same time intervals at 0-30° as those shown in Fig. 2 for cholesterol. 
These data indicate that at 20° maximum color development of both 
cholesterol and its ester will occur between 10 and 15 minutes, which 
gives ample time for making readings in the spectrophotometer. This 
is a distinct advantage over other methods, in which color readings must 
be made at time intervals of 1 minute or less. 

The per cent transmission at 625 mu produced by different concentra- 
tions of cholesterol plotted on a semilog scale, as shown in Fig. 3, gave 4 
straight line function from 0 to 500 mg. of cholesterol per 100 ml. of s- 
rum. The constant for this curve, including the dilution factors for 02 
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ml. of serum and 5 ml. of the 10 ml. of chloroform solvent used, as out- 
lined in the method was 692 at 0° and 688 at 20°, for substitution in the 
formula, cholesterol concentration per 100 ml. of serum = K(2 — log 
per cent 7). 

All determinations were carried out in the absence of direct sunlight. 
Indirect light had no effect on the color development. 

Water could be tolerated up to the addition of 0.02 ml. to the reaction 
mixture with less than 4 per cent loss in color development. Small 
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Fic. 3. Relation between cholesterol concentration and per cent transmittance. 
The curve represents cholesterol standardization in mg. equivalence per 100 ml. of 
serum for 5 ml. of the 10 ml. chloroform extract of 0.2 ml. of serum. 2 ml. of acetic 
anhydride-sulfuric acid reagent (4:1) added to 5 ml. of chloroform containing 0.06 
100.5 mg. of cholesterol at 0°. Transmittance 80 minutes after color development. 


amounts of water had no effect on the time of maximum color develop- 
ment. 


Simplification of Cholesterol Ester Determination 


The determination of cholesterol esters with digitonin by the older 
methods is a long tedious procedure, which must be carried out with 
meticulous care. The cholesterol ester determination was incorporated 
in the simplified direct chloroform extraction to obtain a short, simple 
accurate method for cholesterol fractionation. This possibility became 
apparent when it was found that sufficient digitonin‘ was soluble or in 

*Digitonin preparations from The British Drug Houses, Ltd., Merck and Com- 


pany, Inc., 8S. B. Penick and Company, Hoffmann-La Roche, Inc., were found to 
be equally satisfactory. 
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suspension in 10 ml. of chloroform to precipitate up to 0.5 mg. of added 
cholesterol. If the cholesterol concentration is greater than 250 mg. per 
cent, less serum should be used. A chloroform-digitonin reagent wag 
prepared which was used to extract the cholesterol ester and simultane. 
ously precipitate the free cholesterol directly from the serum as it was 
extracted. Anhydrous magnesium sulfate and acetic anhydride were 
added and the cholesterol-digitonin filtered off with the proteins. No 
overnight standing is required for the complete precipitation or absorp. 


tion of the cholesterol digitonide. Only cholesterol ester remains in the | 


filtrate, which is determined in the same manner as the total cholesterol, 
The addition of 0.2 ml. of acetic anhydride to the chloroform-digitonin 
extract of 0.2 ml. of serum, dried over anhydrous magnesium sulfate, was 
found necessary for the complete precipitation or absorption of the cho- 
lesterol digitonide with the protein precipitate. The addition of less than 
0.1 ml. or more than 0.3 ml. of acetic anhydride did not give satisfactory 
separation of the digitonide. The addition of 0.2 ml. of acetic anhydrid: 
to the dry chloroform extract of 0.2 ml. of serum had no effect on the to- 
tal cholesterol determination. 


Determination of Relative Color Density Developed in Liebermann-Burchard 
Reaction by Cholesterol and Cholesterol Ester 


The ratio of color density developed by the naturally occurring serum 
cholesterol esters to that of cholesterol was determined by comparing the 
total cholesterol values obtained on samples of hydrolyzed and unhydro- 
lyzed serum. 0.2 ml. of serum was incubated at 40° with 0.2 ml. of 30 
per cent KOH for 30 minutes to convert all cholesterol esters to choles- 
terol. Hydrolysis was complete at 30 minutes, as a series of hydrolyses 
at 0, 10, 20, 30, and 60 minutes indicated 98 per cent hydrolysis at 10, 
minutes and no increase from 20 to 60 minutes. Serum hydrolyzed for| 
0 minute gave values identical to those from serum to which no hydrox-| 
ide had been added. The hydrolyzed serum was neutralized (phenol-| 
phthalein) with acetic anhydride, 10 ml. of chloroform were added, and the| 
remainder of the procedure carried out as directed in the total cholesterdl 
method. The unhydrolyzed serum developed greater color than the 
hydrolyzed, the difference indicating the proportionately greater amount 
of color produced by the cholesterol esters. In twenty-one hydrolyzed 
and unhydrolyzed serums, presented in Table II, the ratio of color pro 
duced by hydrolyzed to unhydrolyzed specimens is quite constant, rang 
ing from 82 to 88 per cent (average 84 per cent). The range of 79 to 8 
per cent cholesterol ester of the serums used could cause an additional 
difference of 2 per cent to the expected 5 per cent experimental error it 
the ratio of unhydrolyzed to hydrolyzed serum cholesterol. In order t0 
make a correction for the greater color produced by cholesterol ester whe 
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cholesterol standards are used with unhydrolyzed serums, the difference 
between unhydrolyzed and hydrolyzed serums is subtracted from the 
color value obtained with serum from which cholesterol has been pre- 
cipitated with digitonin to obtain a corrected cholesterol ester. A cor- 


TaBLeE II 


Ratio of Color Developed by Cholesterol and Cholesterol Ester in Serum of Fasting 
Normal Subjects and Hospital Patients 















Total cholesterol | Cholesterol ester 
Sample No. | ae 
| ae Hydrolyzed* Uncorrected* Corrected corrected to oo. 
mg. per 10) ml. mg. per 10) ml.'mg. per 10) ml. mg. per 10) ml. per cent 
1 | 307 | 270 | 21 |~ 214 0.85 79.0 
2. | 120 | 16 | @ 75 O7t |. Jaa 
3 375 | 321 #+| «86 | 232 0.81 | 72.0 
4 | 307 268 | 23 | 194 | 0.83 72.4 
5 | 36 | 316 | 278 +'| ~~ 229 0.82 72.1 
6 316 | 263 | 247 «| ~ = 194 0.79 73.7 
7 164 || «6137s ||:s«s128— | 8sid|:CD |S 
8 365 | 312 | 204 ‘| 241 | O82 | 77.4 
9 | 181 149 | 140 | = 108 O.7T | wea 
10 303 254 | 240 191 0.80 75.1 
11 | 184 154 148 | 118 0.80 76.5 
12 170 140 | «6185 | 105 0.78 75.0 
13 164 ist | i | mm 0.79 73.6 
> | ww | 40 | iil 0.79 74.1 
15 | 224 | 193 174 | 143 0.82 | 74.1 
16 214 175 | 168 | 129 0.77 | 73.6 
17 230 193 183 | 145 0.79 | 75.0 
18 355 290 294 | 229 0.7 | 7? 
19 298 244 | 240 186 0.78 | 76.4 
20 114 95 84 65 0.77 | 68.4 
21 | 224 | 199 | 166 132 0.80 | 69.4 
SE OX ry 0.796 | 





* Average of duplicate determinations. 


rection averaging 0.8 is obtained with twenty-one serums (Table II) 
from a ratio of the corrected to the uncorrected cholesterol ester. As 
shown above, this correction would also be approximately the same at 
all temperatures from 0-30° if optimum time at a specific temperature is 
allowed for maximum color development. 

Other laboratories should determine their own correction factor for 
tholesterol ester, as their reagents, conditions, and technique of analyses 
may vary from those of the authors. 
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The correct cholesterol ester is calculated as follows: cholesterol ester 
(as read against the cholesterol standard) — (the unhydrolyzed total 
cholesterol minus the hydrolyzed total cholesterol) = the corrected cho- 


lesterol ester. a 
TaB_e III ‘ 
Recovery of Cholesterol and Cholesterol Acetate Added to 0.2 Ml. Samples of Pooled Ne 
Serums pitbeint 
Sample No. Original Added Recovered Recovery : 
Cholesterol in serum 3 
—_— ——— - a — — ——— 4 
mg. meg. még. per cent 5 
] 0.060 0.04 0.040 100.0 6 
2 0.077 0.08 0.078 97.5 - 
3 0.163 0.12 0.124 103.3 8 
4 0.117 0.16 0.152 95.0 9 
5 0.163 0.16 0.156 97.5 10 
6 0.149 0.20 0.196 | 98.0 11 
7 0.111 0.24 0.228 | 95.0 12 
8 0.163 0.28 0.288 102.7 13 
9 0.133 0.32 0.312 97.5 14 
10 0.111 0.36 0.344 95.5 15 
11 0.163 0.36 0.364 101.0 16 
12 0.102 0.48 0.474 98.5 17 
13 0.102 0.61 0.600 98.3 18 
14 0.102 1.00 1.008 100.8 19 
15 0.1138 1.00 1.040 104.0 20 
16 0.102 2.00 2.046 102.3 21 
17 0.102 3.00 3.126 104.2 29 
cr ee ~iandeianee a 4 93 
eee Ot Tee eee eee eee ey oe 99.5 24 
—————————————————— SASS > —_ —— 25 
Cholesterol ester in serum 26 
18 0.340 0.252 0.246 97.8 ~ 
19 0.340 0.504 0.486 96.2 29 
20 | 0.340 0.630 0.602 95.5 30 
21 0.340 1.260 0.121 96.0 31 
22 0.340 2.520 2.530 100.0 99 
23 0.340 | 3.780 3.860 102.2 33 
97.9 
RON coc ies scandal Siar ss gee, cake > HA Ge AEE ee kre Ee r 35 
Ns ES SN sapeccaeeies 96 
Determination of Accuracy of Method by Recovery Experiments 37 
0.04 to 3.8 mg. of cholesterol and cholesterol acetate was added to 0.2 > 
ml. samples of fresh pooled serum and the per cent recoveries determined | 
by comparison with the cholesterol and cholesterol ester originally present 4 
in the serum. The recoveries, shown in Table III, are all within 5 per 42 
ee 


cent of the expected 100 per cent recovery. 
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TaBLe IV 
Partition of Serum Cholesterol in Fasting Normal Adults* 


The results are given in mg. per 100 ml. 


a — — 


Total cholesterol 


Ester 
—_ Sex ; : : Per cent 
Specimen I Specimen II Average | Specimen I Specimen II) Average 

1 M 257 265 261 201 204 203 77.8 

2 172 72 172 135 131 133 77.9 

3 « 218 218 218 165 160 163 | 74.7 

4 a 221 215 218 169 169 169 | 77.5 

5 e 177 183 180 132 136 134 74.4 

6 “ 206 212 209 156 156 156 74.6 

7 « 160 165 163 118 122 120 | 73.7 

8 - 161 165 163 119 121 120 73.7 

9 " 25 250 250 189 195 192 76.8 

wel. 173. | 179 176 128 128 128 | 72.8 

B.| me | 215 209 212 164 160 162 | 76.5 

—; “ | 170 | 70.8 
tah ae 136 73.5 

“| “ | 19 | 140 71.8 

15 +) ae} | 155 | | 72.7 
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TaBLeE 1V—Concluded 
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TABLE V 


Comparison of Direct Chloroform Extraction Method with Schoenheimer-S perry Method 
for Determination of Total Cholesterol and E. slers on Serum of Hospital Patients 
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| 100 ml. | Id ml. | ber cent | 10) mil. iJ ml. JW) ml. | 1d ml. 
226 150 66 | 225 | 155 69 | 238 | 164 
188 | 136 | 72 | 18 | 1464 | 78 | 192 | 136 
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188 | 136 72 | 188 136 | 72 | 187 | 134 
161 | 119 74 | 160 123 | 77 | 1688 | 117 
231 | 165 71 | 230 170 | 74 | 230 166 
116 | 63 54 | | 119 61 
164 | 84 51 159 88 
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cholesterol and cholesterol ester agreed to within 5.0 per cent or less. 
These values are in close agreement with those of Sobel and Mayer (7), 
who found normal serum total cholesterol to range between 160 and 267 
and cholesterol ester between 118 and 202 mg. per 100 ml. of serum. The 
per cent ester levels were within the narrow limits found by Schoenheimer 
and Sperry (4) and more recently by Clarke and Marney (8) and Sobel 
and Mayer (7). 


Comparison of New Method with Method of Schoenheimer and Sperry (4) 
for Determination of Cholesterol and Cholesterol Ester 


The procedure, as directed under “Method,” was compared with that 
of Schoenheimer and Sperry. An additional comparison for ester de- 
termination was made by use of a saturated solution of digitonin in water 
(0.5 to 0.8 per cent), with a slight modification of the procedure deseribed 
for the chloroform-digitonin reagent, which is as follows: 0.2 ml. of serum 
and 10 ml. of chloroform are shaken 5 minutes and 0.2 ml. of digitonin 
in water (5 per cent) added. The mixture is shaken again for 5 minutes. 
1.5 gm. of anhydrous magnesium sulfate is added and the mixture shaken 
for5 minutes. 0.3 ml. acetic anhydride is added, shaken 5 minutes, and 
the remainder of the determination continued as directed in the cho- 
lesterol ester procedure with the chloroform-digitonin reagent. A com- 
parison of these two methods with that of Schoenheimer and Sperry 
is shown in Table V, in which the determinations were made upon serum 
of fasting hospital patients. 


SUMMARY 


1. A simple, rapid, accurate method for the determination of serum 
cholesterol and cholesterol esters by direct extraction with chloroform 
has been presented, in which evaporation, drying, and ester hydrolysis 
are not required and a cholesterol fractionation is completed within 1 to 
2 hours. It has been assumed that only cholesterol and its esters in 
chloroform extracts of serum are responsible for the development of color 
in the Liebermann-Burchard reaction. 

2. The optimum proportion of reagents in the Liebermann-Burchard 
reaction has been determined in order to obtain maximum and equal rate 
of color development for both cholesterol and cholesterol esters in the 
same interval of time. 

3. Approximately the same maximum color intensity is obtained by 
both cholesterol and cholesterol ester at different temperatures, as the 
temperature affects only the rate of the reaction. The time for the meas- 
urement of maximum color is determined by the temperature of the 
reaction. 


4. The accuracy of the method has been confirmed by recovery experi- 
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ments, by close agreement of duplicate determinations, and by com- 


parison with the method of Schoenheimer and Sperry. 


5. Total serum cholesterol in 50 normal adults ranged from 159 to 
260 mg. per 100 ml. and cholesterol ester from 70 to 82 per cent as de- 


termined by the new method. 
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ISOTOPICALLY LABELED NUCLEIC ACID FROM YEAST 
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The preparation of isotopically labeled nucleic acid was undertaken to 
provide material for a study of nucleic acid metabolism and a source of 
labeled nucleotides and nucleosides, which are otherwise unavailable. For 
this purpose yeast was propagated in a manner found to produce a rich 
source of nucleic acid (1) on a medium supplying excess N" in the form of 
ammonium sulfate. Nucleic acid was isolated by adapting the method of 
Redfern (2) to laboratory usage. From the nucleic acid were isolated ade- 
nine picrate, guanine sulfate, and silver pyrimidines. ‘The isolated purines 
and pyrimidines contained essentially identical amounts of isotopic nitrogen 
(Table I). This level was slightly lower than the N" content of the nucleic 
acid sample and was considered indicative of contamination of the nucleic 
acid sample by some proteinaceous material. The residual yeast (from 
which nucleic acid was extracted) showed a higher N™ content than did the 
nucleic acid. This could be attributed to the fact that there was propor- 
tionately more protein produced during the growth period, since the seed 
yeast contained 7.22 per cent nucleic acid (dry basis), whereas the final 
yeast contained only 6.37 per cent nucleic acid (dry basis). 

The molasses employed for the yeast propagation contained 20.93 gm. 
of nitrogen. It was calculated from the isotope analyses that 3.99 gm. 
(19.0 per cent) of this nitrogen was assimilated by the yeast. 


EXPERIMENTAL 


Yeast Propagation—420 gm. of moist yeast (Saccharomyces cerevisiae) 
(29.08 per cent solids, 8.91 per cent N (dry basis), and 7.22 per cent nucleic 
acid (dry basis)) were used as seed. This yeast was suspended in 21 liters 
of water to which 21.0 gm. of H;PO, and 210 gm. of (NH,).SO, (5.79 atom 
per cent excess N'°) were added. Molasses (2100 gm.) was added by the 
continuous process described by Hayduck (3). The wort was aerated 


* These authors gratefully acknowledge the assistance of the Office of Naval Re- 
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vigorously during the 8 hour propagation period, and the pH was main. 
tained within the range of 4.8 to 5.5 by adding NaHCO; as required. The 
yeast was separated from the spent wort and washed by centrifugation, 
It weighed 1680 gm. and contained 28.01 per cent solids, 9.37 per cent N 
(dry basis), and 6.37 per cent nucleic acid (dry basis). 

Nucleic Acid Isolation—1675 gm. of the washed yeast were suspended ip 
3.8 liters of cold 2.3 per cent NaOH solution and stirred mechanically for 
1 hour at 10°. Concentrated HCl (135 cc.) and 45 gm. of Filter-Cel were 
added. The pH was brought to 6.6 with glacial acetic acid, and the mixture 
was centrifuged at 2500 r.p.m. for 15 minutes. After decanting the super- 
natant liquor, the residue was washed with 1 liter of water. 

Calcium chloride (800 gm.) was dissolved in the combined solutions, 
The mixture was made acidic to Congo red by the addition of HCl. The 
precipitate of crude calcium nucleate was filtered and washed with alcohol, 


TaBLeE I 
Isotopic Content of Isolated Products 








|Atom per cent excess NU 
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The filter cake was extracted by stirring for 45 minutes at 70° with 430 
ce. of water containing 36 gm. of sodium acetate. The hot mixture was fil- 


tered and the residue washed with water. The combined filtrate and wash- | 


ings were diluted with 200 cc. of alcohol, and the pH was brought to LL. 
After stirring for 30 minutes to permit complete precipitation of nucleic acid, 
the product was collected by filtration, washed with alcohol, and dried in 
vacuo over NaOH. The yield was 21.5 gm. 

Isolations of Purines and Pyrimidines—1 gm. of the nucleic acid was 


hydrolyzed in methanol by hydrogen chloride gas according to the method | 


of Levene (4), vielding 0.180 gm. of purine hydrochlorides. From these the 
adenine and guanine were separated as described by Levene, and 0.063 gm. 
of once recrystallized guanine sulfate and 0.033 gm. of three times re- 
crystallized adenine picrate were obtained. The methanolic solution from 
which the purine hydrochlorides had precipitated was used for the prepara- 


tion of mixed silver pyrimidines according to the procedure reported by | 


Barnes and Schoenheimer (5), except that NaOH was used instead oi 
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Ba(OH), for neutralization. After the brown precipitate of silver pyrimi- 
dines and silver oxide was thoroughly washed, it was dried with ethanol and 
ether and without further treatment was digested for N* determinations. 


SUMMARY 


It was demonstrated that yeast may be employed as a convenient source 
of isotopically labeled compounds of biochemical interest. In this work 
yeast was propagated on a medium containing excess N* in the form of 
ammonium sulfate. Isotopically labeled nucleic acid was isolated, and it 


was shown that the isotopic nitrogen was uniformly distributed throughout 
the purines and pyrimidines. 
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THE METABOLISM OF YEAST NUCLEIC ACID IN THE RAT 
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Recent studies on the fate of labeled dietary purines in the rat have 
shown that dietary adenine is a precursor of the adenine and of the guanine 
of tissue nucleic acids (1), but that guanine (2), hypoxanthine (3), and 
xanthine (3) are not utilized for nucleic acid synthesis. Similar experi- 
ments have shown that the pyrimidines, uracil, thymine (2), and cytosine 
(4) are not incorporated into the nucleic acids of the rat. However, orotic 
acid (4-carboxyuracil), while not a nucleic acid component, is utilized as a 
precursor of the uracil and cytosine of nucleic acids (5). Since none of the 
pyrimidines occurring in nucleic acids are utilized when they are present in 
the diet, it seems probable that derivatives of these compounds are first 
synthesized in a way which does not involve the participation of these free 
pyrimidines, but which may involve orotic acid (6), and that these deriva- 
tives are then incorporated into the nucleic acids. Such derivatives could 
be the pyrimidine nucleosides or nucleotides. Because free guanine is not 
a precursor of nucleic acid guanine, it has been suggested (1) that similar 
derivatives of the purines may be involved in the conversion of adenine to 
nucleic acid guanine. Up to now, no nucleic acid component more com- 
plex than the purines or pyrimidines has been studied by the tracer tech- 
nique. The availability of ribonucleic acid labeled with isotopic nitrogen 
(7) now enables us to extend these studies to nucleic acids. 

The fate of exogenous nucleic acids, nucleotides, and nucleosides has been 
studied in the past by the method of feeding or injecting these compounds 
into animals in nitrogen balance and determining what changes occur in the 
quantities of the various constituents of the excreta. In this way it has 
been found in several species that, following the administration of nucleic 
acids, the nitrogen of the purines could be largely, but not always com- 
pletely, accounted for in the extra allantoin, uric acid, or other free purines 
(8-11), but that pyrimidines were absent from the urine and that their 
nitrogen probably had been converted to urea (12, 13). The metabolism 
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of the nucleotides and the nucleosides has been studied in the same way, 
The nitrogen of purine nucleosides has been found to be extensively excreted 
as uric acid or allantoin (14, 15), although Cerecedo and Allen found that 
dogs apparently excrete about one-third of the nitrogen of guanosine as 
urea (16). It has been shown that the nitrogen of the pyrimidine nucleo- 
tides and nucleosides is almost completely excreted as urea, with the appear- 
ance of no nucleotides or nucleosides and only small amounts of free pyrimi- 
dines in the urine (13,17). While such experiments are of value in demon- 
strating the end-products of nucleic acid metabolism, they have yielded 
no information concerning the pathways of tissue nucleic acid synthesis, 
This present work is the first of a series of investigations designed to gain 


=O 


further information about nucleic acid metabolism in the rat by the use of 
labeled nucleic acid and some of its hydrolytic products. 

In Experiment I a sample of isotopic yeast (pentose) nucleic acid was 
fed to two male rats over a period of 3 days. In Experiment I/ a solution 
of nucleotides, produced by the alkaline hydrolysis of a sample of the iso- 
topic nucleic acid, was administered to two male rats by intraperitoneal 
injections which were given three times a day over a 3 day period. In 
each experiment the compounds were furnished at a level of about 0.4 
mm of nucleic acid per kilo of body weight per day. During the experi- 
ments the urine was collected and was used for the isolation of allantoin, 
urea, and ammonia. After the administration of the isotopic compounds 
was completed, 1 day was allowed to elapse before the animals were sacri- 
ficed in order that the compounds might be more completely utilized. 
Nucleic acids were prepared from the viscera and from them guanine, 
adenine, and mixed pyrimidines were isolated. A sample of nucleic acid 
free muscle protein was prepared. The per cent excess N”° in the isolated 
compounds was determined and these values are shown in Table I. 

When the nucleic acid was fed, it was extensively absorbed and meta- 
bolized, as indicated by the fact that about 27 per cent of the allantoin 
excreted during the experiment was formed from the isotopic compound 
and that appreciable degradation to urea and ammonia occurred. There 
was a small but definite incorporation of the dietary material into the 
nucleic acids of the viscera. Because the per cent excess N™ in the dietary 
nucleic acids is about 60 times greater than that in the nucleic acids from 
the viscera, it would require only about 1 to 2 per cent contamination by 
the former to account for all of the isotope found in the isolated nucleic 
acids. However, contamination of such a magnitude does not seem 
probable, because the time that elapsed between the last feeding and the 
sacrifice of the animals was sufficient to allow essentially complete digestion 
and absorption of the dietary material and because the intestines were 
opened and thoroughly washed before they were added to the other organs. 
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Although the purines and pyrimidines of the dietary yeast nucleic acid 
contained equal concentrations of isotopic nitrogen, only 1.0 per cent of 
both the adenine and the guanine of the nucleic acids from the viscera was 
derived from the dietary material, while 2.2 per cent of the pyrimidines 
was derived from it. It seems likely, therefore, that the isotope found in 
both the purines and pyrimidines of the isolated nucleic acids represents 
a true incorporation of the dietary material and not a contamination by 
dietary nucleic acid retained in the gut. 


TaBLe I 


Administration of Nucleic Acid 








| Nucleic acid feeding, Nucleotide injection, 
Lxperiment I Experiment II 
| —_ a — - - ee - 
| Atom per | Atom per 
“calculated’| calculated” 
| cemtexcess 08 Oasis of | cent cess 08 basis of 
: in admin- | in admin- 
| coupon | campenel 
Nucleic acid (dietary). ..............-. ...| 3.34" | 100 | 
Nucleotides (injected) .....................] | 3.34* | 100 
Sodium nucleic acids (viscera) ; 0.036 | 
Nucleic acids (viscera) jie pw | 0.153 | 4.6 
Purine hydrochlorides. .............0.-005- | 0.037 | 
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Silver pyrimidines eee Se ee 
Ammonia............. WAC Vialp Ree | 0.033 1.0 | 0.07 2.0 
Urea........ : pore oer’ .....1 0.058 1.7 | 0.054 1.6 
Allantoin. . Pe ee naman | 0.886 26.6 0.947 28.3 
Muscle protein. . 4: Sete ion Sle cic naa | 0.005 0.1 0.008 0.2 





* The value for the nucleic acid preparation was 3.43; that for the purines and 
pyrimidines isolated from it was 3.34 + 0.02. 


In Experiment IJ, in which a solution of nucleotides prepared from iso- 
topic nucleic acid was given by intraperitoneal injection, it was found 
that this mixture of nucleotides was more efficiently utilized for the syn- 
thesis of nucleic acids than was the dietary nucleic acid. Although equiva- 
lent quantities were administered in the two experiments, the nucleic acids 
isolated after injection of the nucleotides contained 2.7 times more isotope 
than was present in the nucleic acids obtained in Experiment I. Again, 
both purines contained the same atom per cent excess N™, but in this case 
nearly 4 times as much of each was derived from the injected nucleotides. 
In Experiment II, just as in Experiment I, the incorporation of the iso- 
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topic material into the pyrimidines of the tissue nucleic acids was greater 
than the incorporation into the purines, although here the difference in up- 
take was smaller than it was in Experiment I. The allantoin and urea 
were derived from the injected compounds to about the same extent as in 
Experiment I. The level of N™ in the urinary ammonia was twice as high 
as it was in Experiment I and was even higher than the N" level in the urea 
isolated from the same urine. This may have been due, partly, to a break- 
down of other isotopic compounds in the urine to ammonia, because the 
ammonia was not isolated from this sample of urine until 2 months after 
it had been collected, and, although it had been stored under toluene in 
the refrigerator, it is possible that a small amount of allantoin, for example, 
had been degraded to ammonia. 


EXPERIMENTAL 


Materials and Methods—The labeled nucleic acid was isolated from yeast 
which had been cultured in a medium containing isotopic ammonium sul- 
fate as the main source of inorganic nitrogen (7), and was found to contain 
3.43 atom per cent excess N®. Adenine, guanine, and mixed pyrimidines 
were isolated from this nucleic acid and were found to be labeled to the 
same extent (7). For the preparation of a solution of mixed nucleotides a 
sample of the isotopic nucleic acid was hydrolyzed by the method described 
by Buell (18). 1.0 gm. of nucleic acid was suspended in 20 cc. of water and 
was brought into solution at pH 7 by the gradual addition of 3 n NaOH. 
After 0.3 gm. of solid sodium hydroxide was added, the solution was diluted 
to 25 cc. and allowed to stand at room temperature for 24 hours. It was 
then neutralized to pH 7.5 with 1.0 n HCI, diluted to 50 cc., and stored in 
the refrigerator until used. This solution contained 0.020 gm. or 0.0153 
mm of nucleic acid per ec. as a mixture of nucleotides. 

Adult, male, Sherman strain rats were used. They were fed 60 gm. of 
Rockland Purina chow per kilo of body weight per day, and the nucleic 
acid preparations were administered at the rate of 0.4 mm per kilo per day, 
assuming for purposes of calculation a “‘statistical” tetranucleotide (19) 
of molecular weight 1300. The maintenance and the method of sacrifice 
of the animals, the preparation of nucleic acids from the viscera, the isola- 
tions of guanine, adenine, and mixed silver pyrimidines, the isolation of the 
urinary constituents, and the preparation of the muscle protein have been 
described previously (1). 

Nucleic Acid Feeding; Experiment I—Two rats weighing 242 and 258 gm. 
were used. The lighter animal received 126 mg. of the isotopic nucleic 
acid and 14.5 gm. of food per day for 3 days, while the other one received 
134 mg. of the nucleic acid and 15.5 gm. of food. The food was ground into 
a paste with water, and the nucleic acid was dissolved in water with the aid 


ap) 
aci 
anc 
cen 
ine 
nuc 
of 


of t 








the 
Sa 
red 
and 
)H. 
ted 
was 
d in 


153 


. of 
sleic 
day, 
(19) 
‘ifice 
sola- 
f the 
been 


gm. 
icleic 
pived 
| into 
ve aid 


ROLL, BROWN, DI CARLO, AND SCHULTZ 337 


of a minimum of 3 nN NaOH and was added to the food. This ration was 
prepared at the start of the experiment and was kept in the refrigerator. 
Aliquots were removed each day. The animals ate all of the food, but 
each rat lost about 10 gm. in body weight during the experiment. 

Nucleotide Injection, Experiment II—Two rats weighing 310 and 260 
gm. were used. They received 8.1 and 6.8 ce. of the nucleotide solution 
respectively per day for 3 days. The daily quota of solution was given in 
three doses of approximately equal volumes by intraperitoneal injection. 
The animals ate well, but the heavier one suffered a loss of weight of 9 
gm., while the lighter animal lost 15 gm. during the experiment. Both 
rats developed diarrhea. This condition has been noticed before in rabbits, 
dogs, and cats following the injection of pyrimidine nucleotides and sodium 
nucleic acid (9, 13). At sacrifice the lighter animal was found to be suf- 
fering from peritonitis. The intestines from this animal, which were quite 
inflamed, were not added to the organs utilized for the preparation of nucleic 
acids. 


DISCUSSION 


The extent to which the sample of dietary nucleic acid was digested prior 
to absorption cannot be ascertained, but it is probable that a mixture of 
nucleotides, nucleosides, and perhaps purines was produced. It would 
seem, therefore, that in both of the experiments described here nucleotides 
or nucleosides were the compounds available for cellular metabolism. If 
the results of these experiments are compared with the results of the exper- 
iments in which adenine was fed (1), it can be seen that the adenine in 
adenylic acid or adenosine is apparently less efficiently utilized by the rat 
for nucleic acid synthesis than is the free purine. In the earlier experi- 
ment adenine was fed to rats at a level of 0.2 mm (27 mg.) per kilo per day, 
and it was found that 5.4 per cent of the adenine and 3.2 per cent of the 
guanine in the nucleic acids of the viscera had been formed from the dietary 
compound and that these values were increased to 13.7 and 8.2 per cent, 
respectively, when the level of administration was increased to 1.5 mm 
(200 mg.) per kilo per day. In these experiments the animals received 
approximately 0.4 mm of adenine per kilo per day in the form of nucleic 
acid or adenylic acid, but only 1.0 per cent of both the nucleic acid adenine 
and guanine was derived from the dietary nucleic acid and only 3.8 per 
cent of each was formed from the injected nucleotides. This less efficient 
incorporation of adenine into nucleic acids when administered to rats as 
nucleotide or nucleoside rather than as free purine cannot be due to a failure 
of these compounds to be metabolized, since the high isotope levels in the 
urinary allantoins gives evidence that extensive absorption and metabolism 
of the purine moieties had occurred in each case. It is more likely that 
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partial enzymatic deamination of the adenylic acid or adenosine had oc- 
curred before these compounds could be utilized for nucleic acid synthesis. 
It has been demonstrated that an adenosine deaminase present in intestinal 
secretions can cause extensive conversion of adenosine to inosine (20-22), 
This same enzyme has been detected in a number of other tissues (23); 
so that the parenterally administered compound could also have been par- 
tially deaminated. It is significant that the injected nucleotides were 
nearly 4 times more effective as purine precursors than was the ingested 
nucleic acid. 

In both of these cases, it was found that, in the nucleic acids which had 
been isolated from the viscera, the ratio of adenine to guanine which had 
been derived from the isotopic compounds was 1:1. This is in sharp con- 
trast to the results that have been obtained in earlier experiments. When 
free adenine was the labeled precursor and the nucleic acids of the coml ined 
viscera were investigated, this guanine to adenine ratio was invariably 
close to 0.6:1.0 (1).!. The significance of this observation is not imme- 
diately apparent, but it may indicate that nucleic acid guanine need not 
necessarily be formed from adenine but can also be derived from other 
precursors. 

All of the purines and pyrimidines present in ribonucleic acid have been 
tested in the rat and none have been found to be precursors of nucleic acid 
pyrimidines. Therefore the finding that the nucleic acid pyrimidines are 
derived from orally administered nucleic acid and from a mixture of in- 
jected nucleotides probably implies that the pyrimidine nucleotides or 
nucleosides are utilized by the rat for the synthesis of nucleic acids. The 
biological synthesis of nucleic acids in the absence of preformed pyrimidine 
nucleotides or nucleosides probably involves a synthesis of these units in 
a way which does not involve the free pyrimidines at any step. The réle 
of orotic acid in such syntheses can only be surmised at this time, but it 
may be that a carboxyl group in position 4 of the pyrimidines is necessary 
for the attachment of a ribose molecule at position 3. 

In both of the experiments described here the nucleic acid pyrimidines 
were derived from the isotopic compounds to a greater extent than were 
the purines. However, the difference in uptake that was found following 
the injection of the nucleotides was smaller than that which was observed 
after the feeding of nucleic acid. This difference in uptake of the purines 
and the pyrimidines is not necessarily indicative of any difference in the 
rates of replacement of the purines and the pyrimidines in the tissue nucleic 
acids but is probably due to a greater enzymatic degradation of the purine 


nucleotides or nucleosides than of the corresponding pyrimidine compounds, | 


' Furst, 8. S., Roll, P. M., and Brown, G. B., unpublished work. 
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which allows more of the latter to be available for nucleic acid synthesis. 
Purine nucleosidase, adenosine deaminase, and guanosine deaminase are 
known to be present in a number of tissues, but pyrimidine nucleosidase 
has not been found to be as widely distributed (24). Orally administered 
nucleic acid would probably be subjected to a greater enzymatic attack 
than would the injected compounds, and the difference in the extent of 
uptake of the purines and the pyrimidines was found to be greater follow- 
ing this route of administration. 

In Experiment I the level of isotope in the urinary urea is nearly twice as 
great as in the urinary ammonia, which indicates that all of the urea had 
not been synthesized from body pool of ammonia but that some of it had 
been formed by direct metabolism of one of the nucleic acid fragments. 
This result was not noted in Experiment II, but the uncertainty concern- 
ing the reliability of the isotope value for this ammonia makes any inter- 
pretation of this difference impossible. 

In the case of a mutant of Neurospora crassa, Pierce and Loring (25) have 
observed marked antagonistic effects of certain nucleosides or nucleotides 
on the utilization of others, notably an inhibition of the utilization of cyto- 
sine derivatives by adenosine and the reversal of that inhibition by uridine. 
In view of such interrelationships the results obtained with the mixture of 
nucleotides must be interpreted with caution and studies of the individual 
derivatives are desirable. 

















The authors wish to thank Helen Getler for assistance, Alice Angelos 
for aid with the isotope analyses, and Dr. Harold Beyer for cooperation in 
the maintenance of the mass spectrometer. 


SUMMARY 


Yeast nucleic acid, in which the purines and pyrimidines were equally 
labeled with N**, has been fed to rats and has been found to be a precursor 
of both the purines and the pyrimidines of the nucleic acids isolated from 
the viscera. A sample of this nucleic acid, after hydrolysis to nucleotides, 
was administered to rats by intraperitoneal injection and was found to serve 
toa somewhat greater extent as a precursor of the purines and pyrimidines 
of the tissue nucleic acids. 

A material present in yeast nucleic acid, presumably pyrimidine nucleo- 
tides or nucleosides, in contrast to free pyrimidines, may serve as a pre- 
cursor of the pyrimidines of tissue nucleic acids. 

The purines of dietary nucleic acid or of injected mixed nucleotides are 


less extensively utilized for nucleic acid formation than is the free purine 
adenine. 
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DISTRIBUTION OF C* IN GLYCINE AND SERINE OF LIVER 
PROTEIN FOLLOWING THE ADMINISTRATION 
OF LABELED GLYCINE* 


Bry PATRICK D. GOLDSWORTHY, THEODORE WINNICK, AND DAVID M. 
GREENBERG 


(From the Division of Biochemistry, University of California Medical School, 
Berkeley) 


(Received for publication, February 25, 1949) 


In their study of glycine metabolism in rats, Greenberg and Winnick (1) 
failed to observe the formation of serine from labeled glycine, this failure 
being due most probably to the relatively low specific radioactivity of the 
glycine then available, coupled with the large self-absorption factor entailed 
in the counting of the serine as the p-hydroxyazobenzene-p-sulfonate deriva- 
tive. Subsequently this transformation was noted with C-labeled glycine 
in rat liver homogenates (2) and slices (3), in yeast grown in a medium 
containing C'*-labeled glycine (4), and in rats fed C-labeled glycine and 
C-labeled formate (5). 

In repeating our 17 vivo experiments, with use of carboxyl-labeled and 
methylene-labeled glycine of relatively high specific activity, and by means 
of the carrier technique, it was concluded that the transformation of glycine 
to serine in rat liver is extensive and extremely rapid. 

In order to reduce to a minimum any possible error due to traces of 
contaminants, the amino acids isolated with the aid of carriers were re- 
crystallized repeatedly and then converted into one or more derivatives. 


EXPERIMENTAL 


1 mg. of NH:C'H,COOH (4.57 uc. or 560,000 counts per minute per mg.) 
was injected intraperitoneally into a 200 gm. male rat, and 1.3 mg. of 
NH:CH:C“OOH (7.2 ue. or 880,000 counts per minute per mg.) into a 
second rat. The first animal was killed after 2 hours and the second after 
2lhours. Approximately 1.5 gm. of protein powder were then prepared 
from each liver by the method given in a previous paper (2). 100 mg. 
portions of the proteins were mixed with 400 mg. of glycine or L-cystine. 
In experiments with serine earrier (in which two derivatives were pre- 
pared), 200 mg. of protein and 800 mg. of pi-serine were employed. The 
mixtures were hydrolyzed, and the amino acid carriers reisolated, as pre- 


* Aided by grants from the American Cancer Society (recommended by the Com- 


mittee on Growth of the National Research Council) and the Rockefeller Founda- 
tion, 
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viously described (2). The carriers were then recrystallized repeatedly 
from hot water, and converted into suitable derivatives. 


Results 


Columns 3 and 6 in Table I give the specific radioactivities of the un- 
hydrolyzed liver proteins and of the glycine, serine, and cystine isolated 
with the aid of 4 parts of carrier. The values given for the amino acid 


TABLE I 
Distribution of C' in Liver Protein Following Administration of Labeled Glycine 

















Carboxyl-labeled glycine Methylene-labeled glycine 
Siaediiiatdtail No. of | Specific | Tine | No. of | Specific pr oe 
Eagan | actigy | “Ovin” | genet | ativigy | ote 
(1) Pa ee de (7) 
counls | | counts 
per min. | per min 
per mg. per mg 
Liver protein, unhydrolyzed 59.2 100 | 51.4 100 
Glycine 5 5.9 39.9 > 1 6s 50.5 
ne Ss iz 48.9 
Acetylglycine* (m.p. 203-204°) 1 6.6 44.2 6 | 5.4 42.4 
in 7 | 6.0 47 
Serine 7 5.0 34.0 6 | 5.8 45 
a 8 5.4 36.8 7 | 5.6 
Phenylisocyanate derivativeT 3 4.7 32.0 3 | 5.5 42 
(m.p. 163-164°) | 
p-Toluenesulfonyl chloride 3 5.2 35.4 3 4.4 43.1 
derivativet (m.p. 213°) 
Cystine 7 0.48 3.2 6 | 0.43 
“ 8. | 0.50 3.4 ioe 5 
Cuprous mercaptide§ 0.37 2.5 | | 0.30 3.2 











* Herbst, R. M., and Shemin, D., Org. Syntheses, 19, 4 (1939); m.p., 207-208”. 

t Fischer, E., and Leuchs, H., Ber. Chem. Ges., 35, 3787 (1902); m.p. 165-166°. 

t McChesney, E. W., and Swan, W. K., J. Am. Chem. Soc., 59, 1116 (1937); m.p., 
212-213°. 

§ Graff, S., Maculla, E., and Graff, A. M., J. Biol. Chem., 121, 81 (1937). 


derivatives have been corrected to correspond to the activities of the free 
amino acids. The figures in Columns 4 and 7 were calculated by dividing 
the specific activity of each amino acid by that of the original protein, 
then dividing by the weight ratio of protein to carrier employed, and lastly 
multiplying by 100 (2). 

It is concluded that approximately 45 per cent of the total C in the 
protein was due to glycine and 43 per cent to serine when NH.C“H,COOH | 
was administered. When NH;CH.C“OOH is given, 45 and 35 per cett | 
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| were due to glycine and serine, respectively. A small percentage of the 


C“ was found in cystine, most probably derived from serine. 

Microbiological analysis gave a value of 4.3 per cent glycine in rat liver pro- 
tein,' while the serine content, as determined by periodate oxidation (6), was 
found to be 4.1 percent. Accordingly, for the rat given NH,CH,C“OOH, 
the C“ concentrations in the glycine and serine were in the ratio of 
10.0:10.5 (45/4.3, 43/4.1), while for the rat given NH»C“H.COOH, the 
corresponding ratio was 10.5:8.5 (45/4.8, 35/4.1). The approximately 
equal C' concentrations suggest that glycine and serine are in rapid bio- 
logical equilibrium in the liver. 


SUMMARY 


Following the administration of either carboxyl- or methylene-labeled 
glycine to rats, high concentrations of C were found in the serine, as well 
as in the glycine, of liver protein. The serine accounted for 35 to 43 per 
cent, and the glycine 45 per cent, of the total C' in the liver protein. 
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! This analysis was kindly performed by Dr. J. C. Lewis of the Western Regiona 
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METABOLISM OF THE NITROFURANS 


I, ULTRAVIOLET ABSORPTION STUDIES OF URINARY END-PRODUCTS 
AFTER ORAL ADMINISTRATION 


By H. E. PAUL, F. L. AUSTIN,* M. F. PAUL, anv V. R. ELLS 


(From the Eaton Laboratories, Inc., Norwich, New York) 
(Received for publication, April 8, 1949) 


The general antibacterial action in vitro of a variety of furan derivatives 
substituted in the 5 position with a nitro group has been reported by Dodd 
and Stillman (1, 2). That the presence of the nitro group is essential 
was established by comparison of the activities with those of the corres- 
ponding non-nitrated derivatives. All the nitrofurans except those limited 
by insolubility exhibited a marked antibacterial action with the exception 
of nitrofuroic acid. The latter compound, in contrast, was but weakly 
active. 

With the in vitro activity of these derivatives firmly established, atten- 
tion was directed to their possible use in the treatment of systemic in- 
fections. A report by Dodd (8) gave in detail the treatment of animal 
infections with one of the compounds, 5-nitro-2-furaldehyde semicarbazone 
(Furacin).!. In marked contrast to their behavior in vitro, not all of the 
nitrofurans gave a chemotherapeutic response in animal infections. An 
evaluation of more than sixty compounds? * has shown that the presence 
of a semicarbazone or closely allied grouping as substituent in position 
2 of the furan ring is almost uniquely favorable to pronounced response 
in this respect. 


| mine 
o.N—| IR es At i ee " 


NO 
(I) (II) 
Class A Class B 


From a chemical stand-point the nitrofurans prepared to date can be 
grouped broadly into two general classes. Class A comprises the simpler 
nitrofurans represented by Formula I where R may be an alkyl, acyl, 
hydroxyalkyl, or carboxyl group together with the esters or certain other 
derivatives. Thus Class A would include nitrofuraldehyde and its diace- 


* Present address, Hiram Walker and Sons, Inc., Peoria, Illinois. 
1 Brand of nitrofurazone, ‘New and nonofficial remedies.”’ 

* Dodd, M. C., Cramer, D. L., and Ward, W. C., to be published. 
* Unpublished data. 
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tate, methy] nitrofuryl ketone, nitrosilvan (5-nitro-2-methylfuran), nitro. 
furfuryl alcohol and its esters, nitrofuroic acid and its amide and esters, 
and similar compounds. 

Class B (Formula II) comprises those derivatives of nitrofuraldehyde 
(R’ = H) or of the nitrofuryl ketones (R’ = alkyl or substituted alkyl 
group) in which condensation has taken place between the carbony! group 
and a nitrogen-containing molecule with the elimination of water. Thus 
in Class B are included the ordinary carbonyl derivatives such as the 
semicarbazone and oxime as well as more complex analogues which have 
been prepared in these laboratories. 

Although compounds in both Class A and Class B have marked activity 
in vitro, appreciable activity in vivo has been exhibited by certain members 
only of Class B. Chemotherapeutic activity depends not only on anti- 
bacterial activity of the drug but also on other factors such as its ability 
to reach the site of infection. Presumably, changes in the compound pro 
duced by metabolic processes would explain in part differences between 
in vitro and in vivo activity. It was, therefore, of prime importance to 
submit the nitrofurans to biochemical studies to determine the effect of 
variations in structure on their metabolism. 

As a first step in such a study it was considered desirable to determine 
the urinary end-products after ingestion of various typical nitrofurans 
of Class A and Class B. For purposes of comparison it was also considered 
desirable to feed certain non-nitrated furans. 


EXPERIMENTAL 


Solvent extraction methods proved of little value in this laboratory in 
isolating excretory products from the urine after nitrofuran dosage. 
Chemical methods for the identification and determination of the nitro- 
furans and their excretory products were not available. Procedures for 
purifying urine by precipitation were of little help. However, since the 
nitrofurans have characteristic absorption spectra (4), it was believed that 
the location and identification of excretory products might be aided by 
submitting the fresh untreated urine to spectral absorption analysis. 
This technique proved of great value, and because of its potential useful- 
ness in related problems of metabolism it is described in some detail here. 
Although such a method is not suitable for absolute identification of all 
compounds, it has been extremely useful in indicating the presence 0 
absence of many nitrofurans. In many cases it is reliable for both identi- 
fication and quantitative analysis of known compounds. After pre 
liminary trials the following technique was evolved. 

Albino rats of 300 to 400 gm. of body weight were used. The animals 


were fasted overnight to reduce as far as possible interference from meta | 


bolic end-products arising directly from foods. Water was supplied ad 
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libitum. Doses of 20 mg. of the drug suspended in simple syrup (sucrose 
solution) were administered by stomach tube. The animals were caged 
individually on raised screens over trays covered by waxed paper. Urinary 
collections by manipulation of the animals were made at 2 hour intervals 
for a 6 hour period after administration of the drug. Preliminary experi- 
ments indicated that appreciable excretion of the drug or its end-products 
had occurred by this time. If urination occurred before the regular 
collection, the urine was removed from the waxed paper by medicine 
dropper. Collections were made in 15 ml. graduated centrifuge tubes and 
the volume of the urine recorded. 

The urines were combined for each drug for the 6 hour period, diluted 
appropriately, centrifuged, and the optical densities from 450 to 250 mu 
(occasionally to 220 mz) determined, usually at 10 my intervals, with the 
use of a Beckman model D quartz spectrophotometer. Since the dilution 
required varied with the intensity of the absorbing material excreted and 
since the volume of urine varied from time to time, it was necessary to 
correct for volume and dilution. This was done as follows: (1) The 
optical density at a given wave-length was multiplied by the dilution. 
This gave the density of the original urine excreted. (2) This value was 
then multiplied by the volume of the urine excreted. We termed this 
resultant value “density units.” For example, an animal excreted 2.5 ml. 
of urine in a 6 hour period. The urine was diluted 1:500. The optical 
density at the desired wave-length was 0.63. Multiplying 0.63 (the optical 
density) by 500 (the dilution), we obtain 315, the density of the original 
urine. This value is multiplied by the volume of the urine (315 X 2.5 = 
787.5). There were excreted 787.5 “density units” at this chosen wave- 
length. The total number of “density units’? over a period of time is a 
measure of the total amount of absorbing substance excreted. 

By the above method correction values for normal urine have also 
beendetermined. Correction for absorption at corresponding wave-lengths 
due to normal urinary constituents was then made by subtracting the 
“density unit’’ values for normal urine from the “density unit’? values of 
the urine of the experimental animals. Urine curves have been plotted 
with “density units’ as ordinates and wave-length in my as abscissas. 

In the case of identifiable compounds appearing in the urine the method 
could become quantitative by selecting the wave-length of a major ab- 
sorption peak and using the following formula, 


Density units X 10 
—-——— _ = mg. of compound (1) 


E im 
when E }%, is the extinction of a 1 per cent solution of the compound in a 
lem. cell at the specified wave-length. Solutions of pure furans and 
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nitrofurans which have been investigated have been found to obey Beer's 





law up to saturation concentrations. ely 

The average correction curve for a 6 hour period for a representative a 
fasted animal appears in Fig. 1. To show the desirability of fasting the tots 
animal before drug dosage, a similar curve for a non-fasted animal is in. . 
cluded. In either case absorption becomes great at the lower wave-lengths - 
and care must be exercised in drawing conclusions at wave-lengths at which i 
the correction becomes a large part of the total absorption. aa 


In order to check the reliability of this spectral method, a furan com. be 
pound whose metabolism had been studied by earlier workers was fed ; 
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Fig. 1. Ultraviolet absorption characteristics of urine of fasted and fed animals Fy 
The curves represent the average ‘“‘density units” per rat for a 6 hour collection acid 
period. Solid line, fasted for 15 hours previous to and during urinary collection curv 


period. Dashed line, ad libitum food consumption before and during urinary collec- for a 
tion period. 0.00¢ 
Schempp (5) fed the sodium salt of furoic acid and was able to account for Se 


70 per cent of the compound as furoylglycine in the urine. In Fig. 2 our _ eyid 
results from feeding furoic acid (20 mg. per animal to four rats) are tobe maj 
seen. The curves for the furoic acid fed and the corrected urine obtained diac 
for a 6 hour period are shown. It is apparent that the absorption peak — aery 
of the material excreted is not that of the furoic acid fed (245 my) but  shoy 
that it is at 255 my. The spectral curve of a solution of furoylglycine was Frie 
determined and is included in Fig. 2. The peak for furoylglycine is at fury 
255 mu and the E!%, is 864. The shape and peak of the corrected urine _ feed 
curve indicate that the furoic acid ingested is excreted largely as furoy’ | fied 
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glycine. In order to make the data quantitative, urine collections were 
made on these rats until the urine curve returned to normal, 7.e. until 
little or no furoylglycine was shown spectrophotometrically. The average 
total “density units” at 255 mu over this period (10 hours) calculated and 
corrected for normal urine for the same period were 1693. Therefore, by 
the use of Formula 1, we obtain (1693 X 10)/864 = 19.6 mg. of furoyl- 
glycine. This is equivalent to 13 mg. of furoic acid or 65 per cent of the 
20 mg. dose fed, an excellent agreement with the 70 per cent excretion found 
by Schempp (5). 
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Fig. 2. Ultraviolet absorption characteristics of urine of rat fed 20 mg. of furoic 
acid compared to absorption curves of furoic acid and furoyl glycine. The urine 
curve represents average ‘‘density units’’ per rat (after correction for normal urine) 
fora 6hour period. Solid line, urine of rat fed furoic acid; dashed line, furoic acid 
0.00005 st solution; dotted line, furoylglycine 0.00005 m solution. 


Several furan compounds were then studied and spectrophotometric 
evidence (Table I) has also been obtained to indicate furoylglycine as the 
major end-product in the urine of rats after feeding furfural, furfural 
diacetate, furfural hydrazone, furfuryl alcohol, furfuryl propionate, furyl- 
acrylic acid, and methylfuryl acrylate. Jaffé and Cohn (6) in 1887 had 
shown that furoylglycine was an end-product of furaldehyde metabolism. 
Friedmann (7) identified furoylglycine in rabbit urine after injection of 
furylacrylic acid and Sasaki (8) found furoylglycine in the urine after 
feeding furylpropionic acid to dogs. Other end-products were also identi- 
fied by the above workers after chemical treatment of the urine. It is of 
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interest to note (Table I) that the urinary end-product after feeding 
furaldehyde semicarbazone is not furoylglycine. 


TABLE I 


Ultraviolet Absorption Characteristics of Urine from Rats Fed 20 Mg. Doses of Various 














Furans 
R=|| | 
sy 
Compound | Abwoppton | 3%, | Abortion characte. | Compound inde 
my | 
R—COOH 245 | 1000 | High peak at | Furoylglycine 
| 255 my 
R—CHO 276 | 1438 | High peak at | 
| } | 255 my 
R—CH(OCOCH,); | 278 | 393| High peak at | 
| | 255 my 
R—CH=N—NH; | 335 | 1709] High peak at | 
| | 255 my 
R—CH,OH Below 220 | | High peak at | 
| 255 my 
R—CH,.OCOC:2H; oe 4 | High peak at | > 
| | 255 my | 
R—CH=CH—COOH 295 | 1483 | High peak at ? 
| 255 mu, low | also small 
shelf in 295 | amount of 
mu region | furylacrylie 
| acid 
R—CH+CH—COOCH; 307 | 1487 | High peak at | Furoylglycine; 
| 255 my, low; also small 
shelf in 290- amount of 
310 my region methylfuryl 
| | acrylate 
R—CONHCH:2COOH 255 | 864 | High peak at | Furoylglycine 
| 255 mp 
R—CH=N—NHCONH: | 293 1617 | High peak at | Not identified 
| 


270 my 


With this background on furan compounds, investigation of the urinary 
end-products of nitrofuran metabclism was then actively pursued by means 
of the spectral method for identification or indication of compounds. 


Nitrofurans of Class A 


The results from feeding various simple nitrofurans of Class A are shown 
in Table II. The urinary curves obtained from certain typical compounds 
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appear in Figs. 3 and 4. In Fig. 3 are shown the results from the feeding 
of nitrofuraldehyde. The shape of the urinary curve and the position 
of the peak (815 mz) indicate that this compound is excreted as nitro- 
furoic acid. The height of the peak (550 ‘‘density units’’) indicates that 
about 35 per cent of the nitrofuraldehyde fed appears in the urine in 6 
hours as nitrofuroic acid. 

Since several of the nitrofurans have spectral absorption peaks in the 
310 to 320 my region, isolation and identification of the material causing 
the 315 my peak in the urine of nitrofuraldehyde-fed rats was attempted. 
Nitrofuraldehyde was administered in 30 mg. doses to six albino rats, and 
the urine was collected over a 6 hour period and then treated in a manner 
similar to that described by Sherwin and Hynes (9) for the isolation of 
o-nitrobenzoic acid. The urine was adjusted to pH 3.0 to 4.0 with sulfuric 
acid, reduced to a low volume by lyophilization, and extracted several 
times with ether. The ether extracts were evaporated to dryness, and the 
residue taken up in a small amount of hot water and placed in the refriger- 
ator for several days. A few large crystals precipitated and were removed 
from the mother liquor. Spectral analysis of the mother liquor indicated 
that it was saturated with nitrofuroic acid. 

The crystals were purified by sublimation. The sublimed crystals 
melted at 185-186°. Pure nitrofuroic acid melts at 185.5°. The melting 
point of the crystals mixed with pure nitrofuroic acid remained unchanged. 

The purified crystals were dissolved in water and the ultraviolet absorp- 
tion characteristics determined on the Beckman spectrophotometer. The 
peak was at 315 my, the £1”, was 731, and the ratio of the minimum at 
260 my to the maximum at 315 my was 0.191. Pure nitrofuroic acid 
hasa peak at 315 my, an E 1%. of 725, anda ratio of the minimum at 260 
my to the maximum at 315 my of 0.188. The melting point and absorp- 
tion data thus confirm the spectral data obtained on the untreated urine 
and show that nitrofuroic acid is an end-product of nitrofuraldehyde 
metabolism. 

The yield of crystals from this isolation procedure was low. This was 
thought to be due to poor partition between the water and the ether and 
to destruction of nitrofuroic acid during the isolation process. However, 
the existence in urine in addition to nitrofuroic acid of a conjugate with an 
absorption peak in the same region is not ruled out. The preparation 
of such a conjugate (i.c. nitrofuroylglycine) has not yet met with success 
when conventional synthetic procedures are used. This work is not being 
carried further, since nitrofuroic acid would be the metabolic pathway 
whether the end-product was nitrofuroic acid or a conjugate. 

From the data in Table II, it appears that nitrofuroic acid, ni- 
trofuraldehyde, nitrofuraldehyde diacetate, nitrofurfuryl alcohol, methyl 
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Fig. 3. Ultraviolet absorption characteristics of urine of rat fed 20 mg. of 5-nitro- 
2-furaldehyde (NF-2). The urine curve represents average ‘‘density units’’ per rat 
(after correction for normal urine) for a 6 hour period. Solid line, urine of rat fed 
§-nitro-2-furaldehyde; dashed line, 5-nitro-2-furaldehyde, 0.00005 m solution; dotted 
line, 5-nitro-2-furoic acid, 0.00005 m solution. 
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Fig. 4. Ultraviolet absorption characteristics of urine of rat fed 20 mg. of 5-nitro- 
2-furamide (NF-13). The urine curve represents average ‘“‘density units’’ per rat 
(after correction for normal urine) for a 6 hour period. Solid line, urine of rat fed 
5-nitro-2-furamide; dashed line, 5-nitro-2-furamide, 0.00005 m solution 
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nitro‘uroate, and methyl nitrofuran are all excreted as nitrofuroic acid. 
Since the urinary absorption curves after the feeding of these compounds 
indicate little interference from end-products with spectral absorption 
other than nitrofuroic acid, the data have been treated quantitatively 
(Table III) as described earlier for furoylglycine. It is apparent that 
nitrofuroic acid is a major pathway of metabolism of these nitrofurans. 

Nitrofurfuryl acetate and nitrofurfuryl propionate are probably also 
excreted as nitrofuroic acid, but the spectral curves of the three compounds 
are too similar to determine whether the urinary compound is nitrofuroic 
acid or the original nitrofuran. From our spectral data we cannot say 
whether the methy! and ethyl nitrofuryl ketones are excreted as nitrofuroic 


TABLE III 


Urinary Excretion of Nitrofuroic Acid* in Urine in 6 Hours after 20 Mg. Doses of 
Various Nitrofurans to Albino Rats 





























NO P 
aint ticle | “Density be Sn) ‘ | Conversion 
| Molecular | units” in | Nitrofuroic | Theoretical \of compound 
Compound fed Pin ie «| cid itrof po 
ompound fe | weight ral i Pl | n — | (toraitro: 
| mg. | mg. per cent 
a oe eee wav ae 1093 | 15.1 | 20 75 
| | } 
R—CHO.......... eT | 141 | 550 | 7.6 | 22 | 85 
R—CH(OCOCH;):........... - 243 | 400 | 5.5 | 12.9 | 43 
R—CH,OH..... rhe | 143 | 980 | 13.1 | 22 | 60 
MUP Pls. .........5:.- | i | Te | ae + oe 58 
| | | 
a Sisecicccsavcu] SP! 7 ge” ba ee Fe ee 
wh ae | a | | 
* Calculated by formula, (‘‘density units’ X 10)/E\" = mg. of material. The 


En for nitrofuroic acid at 315 mu = 726. 


acid, for the urinary peak is at 320 rather than 315 my and is much broader 
than expected for a single compound. The data do not exclude the 
possibility of nitrofuroic acid as one of the end-products. 

As a confirmatory procedure on these compounds of Class A the urine 
of albino rats fed 10 mg. doses of nitrofuraldehyde diacetate was submitted 
to bacterial assay by a standard cup plate method with Staphylococcus 
aureus as the test organism. If as much as 1 per cent of the drug were 
excreted, the urine (volume = 2 ml.) should be antibacterial, since in 
vitro activity for this compound is evident on Staphylococcus aureus at a 
concentration of 50 mg. per liter. The results were negative. This lack 
of antibacterial activity in the urine of animals receiving nitrofuraldehyde 
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diacetate strengthens the spectrophotometric evidence which indicates 
excretion of over 40 per cent of the drug as the bacterially inactive nitro- 
furoie acid. 

There are a few compounds of Class A which appear to be metabolized 
by processes which do not lead to a predominance of nitrofuroic acid. 
In Fig. 4 the urine curve after the feeding of 5-nitro-2-furamide is shown. 
When this type of curve is obtained, we cannot draw conclusions as to the 
identity of the end-products but we can make the following deductions; 
(1) the compound fed is not excreted in the urine in appreciable quantities; 
(2) the spectral characteristics denote the absence of other known nitro- 
furans (e.g. nitrofuroic acid) with marked absorption peaks. Other com- 
pounds of Class A which are not metabolized predominantly to nitrofuroic 
acid are nitrofuronitrile, nitrofurylacrylic acid derivatives, nitrofuran, and 
dinitrofuran. 

The conversion of the simpler nitrofurans to nitrofuroic acid in vivo 
finds an analogy with certain non-nitrated derivatives which have been 
shown to be excreted as furoylglycine, the simple conjugate of furoic acid. 
The chemical stability of nitrofuroic acid in contrast to that of a number 
of other nitrofurans permits its ready elimination from the body in appre- 
ciable amounts. By the spectral method (Table III) about 75 per cent 
of the nitrofuroic acid fed has been found in the urine. The low in vivo 
or chemotherapeutic activity (Table II) of certain compounds which 
exhibit good in vitro antibacterial activity may be readily explained for 
those compounds which are converted to nitrofuroic acid, since nitrofuroic 
acid has been shown to be only weakly active. From a metabolic stand- 
point the elimination of certain nitrofurans as nitrofuroic acid finds a 
parallel in the elimination of o-nitrobenzaldehyde as o-nitrobenzoic acid 
(9, 10). 


Nitrofurans of Class B 


The results from feeding various nitrofurans of Class B are shown in 
Table IV. The urinary curves obtained after feeding certain compounds 
of this class are shown in Figs. 5,6, and 7. Some of the compounds under- 
go decomposition resulting in a complex series of end-products and some 
are partially excreted in the urine in unchanged form. 

In Fig. 5 is shown the urine of an animal fed 8-5-nitro-2-furaldehyde 
oxime. The major peak of the pure compound is at 346 mu, but the peak 
of the material appearing in the urine is in the 335 my range. 

It is of interest to note here that the a and 8 forms of the oxime (Table 
IV) are metabolized to quite different end-products. The breakdown 
is extensive in either case. Confirmation of the extensive (complete? 
breakdown has been obtained by bacterial assay against Staphylococcus 
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aureus of the urine of albino rats fed these drugs. The urine of rats fed 
25 mg. doses of either the a- or 8-nitrofuraldehyde oxime exhibited no 
antibacterial activity, whereas the in vitro activity of these drugs is evident 
at a concentration of 50 mg. per liter (1). These compounds exhibit no in 
vivo activity undoubtedly because they have been changed to inactive 
forms by metabolic processes. Similarly, it may be seen from Table IV 
that 5-nitro-2-furaldehyde hydrazone has undergone extensive change and 
shows no im vivo activity. 

The chemotherapeutic properties of one of the members of Class B, 
5-nitro-2-furaldehyde semicarbazone (Furacin), have been reported by 
Dodd (3). The urinary curve obtained after feeding this compound is 
shown in Fig. 6. It is apparent from this curve and from Table IV that 
extensive breakdown of the drug has occurred during its passage through 
the animal body. The apparently complete breakdown of this compound 
was puzzling in view of its in vivo activity. However, by refinement of 
methods and chromatographic treatment of urines it was demonstrated 
that a portion of the Furacin was in fact being excreted unchanged. This 
was not obvious from the spectral curve of the untreated urine, since the 
small amount of compound was masked by the presence of other metabolic 
end-products with spectral absorption in the same region. With adequate 
oral doses, unchanged Furacin at an antibacterial level is excreted in the 
urine. This has been confirmed by isolation of the compound by chroma- 
tography. Since other metabolic end-products of the drug isolated to 
date* are without antibacterial activity, the activity of the urine must be 
due to the presence of the unchanged drug. It is believed that the fact 
that this nitrofuran escapes complete metabolic transformation within the 
animal body accounts for its chemotherapeutic activity. The details of 
the metabolism of Furacin in animals form the subject of a separate re- 
port. 

A similar picture to that of Furacin (Table IV) is obtained with 5-nitro- 
2-furyl methyl ketone semicarbazone (NF-57) and with the 5-nitro-2-furyl 
hydroxymethyl ketone semicarbazone (NF-106). The urine curves indi- 
tate complete breakdown of the drug. Nevertheless, in the case of one of 
these (NF-106), the presence of some of the parent nitrofuran has been 
demonstrated by further purification of the urine by chromatography. 

In Fig. 7 is shown the urinary curve after the feeding of 5-nitro-2- 
furaldehyde 2-(2-hydroxyethyl) semicarbazone. Enough of this compound 
appears unchanged in the urine so that its presence is obvious from visual 
examination of the spectral absorption curve (i.e. the similarity of urine 
peaks to the peaks of the parent compound). Calculation of “density 
units” would indicate urinary excretion of about 20 per cent of the com- 
pound fed. It is thus easy to understand why this compound exhibits 
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Fig. 5. Ultraviolet absorption characteristics of urine of rat fed 20 mg. of 5-nitro- 
2-furaldehyde 8-oxime (NF-6). The urine curve represents average ‘‘density units” 
per rat (after correction for normal urine) for a 6 hour period. Solid line, urine of 
rat fed 5-nitro-2-furaldehyde §-oxime; dashed line, 5-nitro-2-furaldehyde oxime, 
0.00005 m solution. 
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Fie. 6. Ultraviolet absorption characteristics of urine of rat fed 20 mg. of 5-nitro- 
2-furaldehyde semicarbazone (NF-7). The urine curve represents average ‘density 
units” per rat (after correction for normal urine) for a6 hour period. Solid line, urine 
of rat fed 5-nitro-2-furaldehyde semicarbazone; dashed line, 5-nitro-2-fural< lehyde 
semicarbazone (Furacin), 0.00005 m solution. 
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good antibacterial activity both in vitro and in vivo. Inspection of Table 
IV indicates that 5-nitro-2-furaldehyde 4-methyl semicarbazone (NF-62) 
ig excreted in part unchanged, whereas 5-nitro-2-furaldehyde 2-methyl 
semicarbazone (NF-61), if excreted, is masked by the presence of other 
end-products; 7.e. the peaks in the urine are different from those of the 
pure compound. 

The semioxamazones present a picture similar to that of the semicar- 
bazones. In Table IV it is indicated that these compounds may be 
excreted in small amounts in the urine, although their presence is partially 
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Fig. 7. Ultraviolet absorption characteristics of urine of rat fed 20 mg. of 5-nitro- 
2-furaldehyde 2-(2-hydroxyethyl) semicarbazone (NF-67). The urine curve rep- 
resents average ‘‘density units’’ per rat (after correction for normal urine) for a 6 
hour period. Solid line, urine of rat fed 5-nitro-2-furaldehyde 2-(2-hydroxyethyl) 


semicarbazone; dashed line, 5-nitro-2-furaldehyde 2-(2-hydroxyethy!) semicarbazone, 
1.00005 m solution. 


masked by the presence of other end-products. In the case of 5-nitro-2- 
furaldehyde semioxamazone (NF-84) the presence of a small amount 
of the parent compound could be demonstrated by chromatography of the 
wine. This technique was not successful in the case of the 5-nitro-2- 
luraldehyde 5-(2-hydroxyethyl) semioxamazone (NF-89), for, although 
4’ band could first be seen, decomposition appeared to take place as the 
material went through the column. This nitrofuran is being investigated 
urther. 

A more complete study of the effect of various substituents on the sta- 
bility of the nitrofurans of Class B is under way in these laboratories. 











362 METABOLISM OF NITROFURANS. I 


DISCUSSION 


The use of spectrophotometric analysis of untreated urine has proved 
extremely valuable in the study of nitrofuran metabolism. The excretion 
of appreciable amounts of the compound fed is readily detected by this 
method (Fig. 7). The excretion of appreciable quantities of breakdown 
products with ultraviolet absorption characteristics is also readily detected 
(Figs. 2,3, 5-7). In some cases a clue to the identity of the end-products 
is obtained by this method when the urine curves and peaks approximate 
those of known compounds (Figs. 2,3). Further refinements of technique 
are necessary when breakdown products mask the presence of small 
amounts of compounds (Fig. 6). Other methods must be resorted to 
for end-products with no ultraviolet absorption characteristics. 

From our present results we believe that certain conclusions may be 
drawn regarding the metabolic pathway of the nitrofurans. The simpler 
nitrofurans of Class A appear to be metabolized by oxidation to nitro- 
furoic acid and excreted as such. The Class A compounds such as nitro- 
furonitrile and nitrofuramide are apparently metabolized in a different 
manner with extensive breakdown. Further work will be necessary to 
determine the end-products of such compounds. 

The compounds of Class B in some cases are excreted in varying amounts 
as the compound fed. In other cases they undergo extensive breakdown. 
In general, some end-products with ultraviolet absorption characteristics 
are formed. Nitrofuroic acid does not appear to be an end-product of the 
metabolism of compounds of Class B. The relation of the structure of 
various nitrofurans to their resistance to breakdown by metabolic proc- 
esses is under investigation. 


SUMMARY 


A spectrophotometric method of examination of untreated urines of 
animals fed various furans and nitrofurans has been described. 

By the use of this method furoylglycine has been found as the major 
urinary end-product after the feeding of furaldehyde, furoic acid, furfural 


diacetate, furfural hydrazone, furfuryl alcohol, furfuryl propionate, furyl- 


acrylic acid, and methylfury! acrylate. 

Nitrofuroic acid is believed to be the major urinary end-product after 
feedingnitrofuraldehyde, nitrofuroic acid, nitrofuraldehyde diacetate, nitro- 
furfuryl alcohol, nitrofurfuryl acetate, nitrofurfuryl propionate, methy! 
nitrofuroate, and methyl nitrofuran. The compounds tested which are 
metabolized to nitrofuroic acid show little or no in vivo activity. 


The oximes and hydrazone of nitrofuraldehyde are extensively broket | 


down during metabolism. The end-products have not been identified, 
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but nitrofuroic acid is not indicated as a major metabolite. These com- 
pounds have shown little or no chemotherapeutic activity. 

Certain semicarbazones and semioxamazones and their substitution prod- 
ucts undergo extensive change in the body, while others are excreted in 
appreciable amounts as the compound fed. Nitrofuroic acid is not indi- 
cated as a metabolic end-product of these compounds. In general, these 
compounds which have shown chemotherapeutic activity have been shown 
to withstand metabolic breakdown partially and to be excreted in the 
urine. 


The furans and nitrofurans used in this study were synthesized by the 
Divisions of Chemistry and Chemical Engineering and the chemothera- 
peutic tests were conducted by the Division of Pharmacology of the 
Eaton Laboratories, Inc. The authors wish to express their appreciation 
to John Gillespie and George Everett for their assistance in the numerous 
spectrophotometric determinations. 
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PREPARATION OF HIGH POTENCY OXYTOCIC MATERIAL BY 
THE USE OF COUNTER-CURRENT DISTRIBUTION* 


By ARTHUR H. LIVERMORE anp VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, April 5, 1949) 


The active principles of the posterior lobe of the pituitary gland have 
been separated and concentrated in several different laboratories by a 
variety of procedures. In a recent review (1) the details of many of these 
procedures and the potencies of the products obtained have been compared. 
Among the methods used for separating and concentrating the oxytocic 
and pressor factors, differential precipitation has been the most widely 
used. Electrophoresis of active material has been used effectively in con- 
centrating the pressor factor (2), but this technique has not yet been applied 
to the purification of the oxytocic substance. The pressor and oxytocic 
factors have also been separated by chromatographic adsorption (3). Fur- 
ther purification (4) of the material eluted from the chromatographic 
column has yielded pressor and oxytocic material having a higher potency 
than that obtained by any of the other methods used up to that time. 
Although the various concentration procedures have yielded oxytocic and 
pressor material of quite high potency, there has been no evidence that 
any of the preparations have been pure. 

In this Laboratory the counter-current distribution technique of Craig 
(5) has recently been applied to the purification of the oxytocic factor. 
By the use of this technique much inert material has been removed, and 
there is some evidence that the most potent preparations obtained by this 
method may be very nearly pure. Starting with material having a potency 
of 20 units per mg., a product having an activity of 850 units per mg. or 
higher has been obtained repeatedly. This activity is in the same range 
as that reported by Potts and Gallagher for the oxytocic material which 
they prepared (4), which had a potency of 700 units per mg. 

Since the oxytocic hormone is soluble in 1-butanol and 2-butanol as well 
as in water, it is possible to distribute it between one of these alcohols and 
an aqueous solution. The partition coefficients of the oxytocic material 
between 2-butanol and various aqueous solutions were determined, and, 
from the solvent pairs tested, two were selected for use in the purification 


*The authors wish to express their appreciation to the Lederle Laboratories 


Division, American Cyanamid Company, for a research grant which has aided greatly 
in this work. 
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procedure described here. These solvent pairs were 0.05 per cent acetic 
acid-2-butanol, in which the partition coefficient of the active material was 
found to be 0.4, and 2-butanol-0.01 m ammonium hydroxide, in which the 
partition coefficient was found to be 1.8. 

During the determination of the partition coefficients in various solvents, 
it was found that, when 2 m phosphate buffer at pH 6.8 was used as the 
aqueous phase, about 85 per cent of the oxytocic activity but only 50 per 
cent of the solids went into the 2-butanol layer. Use was made of this 
fact in effecting a preliminary purification of the starting material. Ip 
this way the potency was increased from 20 to around 200 oxytocic units 
permg. This partially purified material was then put through several distri- 
butions in the Craig counter-current machine (5). The most potent ma- 
terial obtained in this manner had an activity of 865 oxytocic units per 
mg. when assayed by the chicken blood pressure method (6). 

The close agreement of the counter-current distribution curves of weight 
and activity with the calculated theoretical curve for a single pure sub- 





stance makes it appear either that the oxytocic material of this high potency | 


is very nearly pure or that, if the material is contaminated, the impurity 
has a distribution coefficient identical with that of the oxytocic factor. 


EXPERIMENTAL 


Starting Material—The pitocin preparation which was used in this work 
possessed 20 units of oxytocic activity permg. It was obtained in solution’ 
containing 5.6 mg. of dry solids per ml. The original activity of this solu- 
tion in November, 1940, was 200 oxytocic? and 4 pressor units per ml. 
By January, 1947, when the present research was begun, the activity had 
decreased to 100 units per ml.2 Assays on this material were made at 
intervals from January to June, 1948, with the chicken blood pressure 
method. The average activity was found by this method to be 120 
oxytocic units per ml. or about 20 units per mg. of solids. 

Partition Coeffictents—The partition coefficients (K) of the oxytocic ac- 
tivity were determined with 2-butanol and a number of aqueous solutions. 
Weighed samples of pitocin (12 to 16 mg.) were equilibrated between the 
two solvents (3 ml. of each solvent), the layers were separated, and the 
activity and weight of material in each phase were determined. The re 
sults are shown in Table I. 

Phosphate buffer (2 m)* at pH 6.8 was also tried as the aqueous phase 


1 We are indebted to Dr. Oliver Kamm of Parke, Davis and Company, who fur- 
nished us with this material. 

2 This assay was carried out in the laboratory of Dr. Oliver Kamm of Parke, Davis 
and Company by the guinea pig uterine strip method. 

3 Made up from 2 mM NaH2PO, (379 ml.) and 2 m K;sHPO, (621 ml.). 
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with both 1-butanol and 2-butanol as the organic phase. In both cases 
the oxytocic activity was found to be largely insoluble in the buffer. In 
the case of 1-butanol 100 per cent of the activity and 49 per cent of the 
total solids were found in the alcohol layer. In the case of 2-butanol 85 
per cent of the activity and 47 per cent of the solids were found in the 
organic phase. 

Counter-Current Distribution of Starting Material—212 mg. of dry pow- 
dered material obtained by lyophilization of the Parke, Davis and Com- 
pany “‘Pitocin”’ solution were distributed in a 54 tube Craig counter-current 
machine between 2-butanol and 0.05 per cent acetic acid at 20° with 10 
ml. of each solvent per tube. After twelve transfers had been applied, 


TABLE I 
Partition Coefficients of Solids and Oxytocic Activity between 2-Butanol and Various 
Aqueous Solutions 


Partition coefficient (K)* 


Aqueous phase pH of aqueous phase 
Solids Activity 
5% acetic acid 3.51 0.6 0.4 
0.05% acetic acid 5.24 0.5 0.4f 
0.01 m pyridine . 5.71 0.5 1.4t 
0.01 ‘‘ ammonium hydroxide. .. 7.31 0.5 1.8 
0.05 “ a ” 9.70 0.4 1.4 
w. <i . 10.01 0.4 1.4 
0.1 um triethylamine - 9.31 0.4 1.4 





* K, ratio amount in upper phase to amount in lower phase. 

t Only the material in the butanol phase was assayed. K was calculated from 
the difference between the total activity of the starting material and the activity 
found in the butanol phase. 


the solution in each tube was evaporated to dryness in a vacuum desiccator 
at the water pump and was finally dried in vacuo over POs. The resultant 
glassy product was then weighed, dissolved in 0.05 per cent acetic acid 
(1 ml. per mg. of solids), and assayed. The results of this distribution are 
shown in Fig. 1. 

A large amount of inert material was found in Tubes 0, 1, and 2, while 
the active material was found chiefly in Tubes 4 to 8. In this distribution 
the activity was increased from 20 units per mg. to 188 units per mg. (in 
Tube 6). The activity recovered from this distribution amounted to 82 
per cent of the starting activity. 

Preliminary Purification of Starting Material—A preliminary purification 
procedure for obtaining material with an activity of 200 units per mg. was 
devised on the basis of our early experience with the distribution of solids 
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and oxytocic activity between 2-butanol and 0.05 per cent acetic acid and | P 
between 2-butanol and 2 m phosphate buffer at pH 6.8. tribt 
100 ml. of Parke, Davis and Company “‘Pitocin” solution were lyophilized | and 
to a gummy product. This material was dissolved immediately in 28 ml, 22.4 
of 0.05 per cent acetic acid which had been previously saturated with / This 
2-butanol. This solution was then extracted with six portions of 2-butanol unit 
(saturated with 0.05 per cent acetic acid) equal in volume to the acetic in a 
acid solution. The butanol extracts were combined and washed three drie 
times with equal volumes of 2 m phosphate buffer. The butanol solution aceti 
50} 41000 10 
900 _, 
° 
40 s00 > 8 
700 ¢ [ 7 
I ~ 
30 600 Z i 6} 
3 500 ¥ g 
> 
= 20 1400 9 ) & 4 
i < 2 
3 4300 5 ; 3+ 
y as 
10 200 2 
100 | 
re) 12 0 
NO. OF TUBE y 
Fie. 1. Counter-current distribution of 212 mg. of material of 20 units per mg. sind ” 
between 2-butanol and 0.05 per cent acetic acid; twelve transfers; O, weight in mg.; ? 
@, total units of activity. 
The 
was then dried over dry, powdered magnesium sulfate (1 gm. per 10 ml. —_&etivi 


of solution) at 5° for 3 to 18 hours. The dry butanol solution was then ‘Mater 
evaporated in vacuo in a water bath at a temperature of not over 25°, and , Per m 
the residue was taken up in 10 ml. of 0.05 per cent acetic acid and lyophi- Wits ¢ 
lized. (B) 

In a typical experiment the lyophilized product was a fluffy white powder — Xytoc 
which weighed 49 mg. and had an activity of 220 oxytocic units per mg. units) 
This is a total of 10,800 units or 90 per cent of the activity present in the a 53 
starting material. This procedure removed 91 per cent of the solids} ™ the 
present in the starting material. g. 3. 
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Preparation of Maierial of 500 Units per Mg. by Counter-Current Dis- 
tribution of Material of 200 to 250 Units per Mg. (A) Between 2-Butanol 
and 0.05 Per Cent Acetic Acid—188 mg. of material were prepared from 
22.4 gm. of material of 20 units per mg. by the procedure described above. 
This material had 250 units of oxytocic activity per mg. (total 47,000 
units) and was distributed between 2-butanol and 0.05 per cent acetic acid 
in a 53 transfer distribution at 20°. The solutions from each tube were 
dried at room temperature in vacuo, weighed, and dissolved in 0.05 per cent 
acetic acid for assay. 
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Fig. 2. 53 transfer distribution of material of 250 units per mg. between 2-butanol 
and 0.05 per cent acetic acid; O, weight in mg.; @, total units of activity. 


The results of this distribution are plotted in Fig. 2. The peak of the 
activity corresponds with the peak of the major part of the solids. The 
material in Tube 15 was the most potent, having an activity of 575 units 
per mg. The total activity recovered from this distribution was 41,000 
units or 87 per cent of the starting activity. 

(B) Between 2-Butanol and 0.01 a Ammonium Hydroxide—234 mg. of 
oxytocic material having a potency of 205 units per mg. (total 48,000 
units) were distributed between 2-butanol and 0.01 m ammonium hydroxide 
in a 53 transfer distribution at 20°. The solutions were dried and assayed 
in the usual way. The distribution of solids and activity are shown in 
Fig. 3. The peak of the activity was in Tube 32. This material had a 














370 HIGH POTENCY OXYTOCIC MATERIAL 


potency of 530 oxytocic units per mg. The total activity recovered from 
this distribution amounted to 40,600 units or 84 per cent of the starting 





activity. 


Preparation of Material of 700 Units per Mg. by Counter-Current Distri- 
bution of Material of 400 Units per Mg.—The material from Tubes 9 through 
20 of the 53 transfer distribution between 2-butanol and 0.05 per cent 
acetic acid was dried to a powder by lyophilization. The product weighed 
80 mg. and contained a total of 38,600 units of oxytocic activity (483 units 
per mg.). This material was distributed between 2-butanol and 0.05 per 
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Fic. 3. 53 transfer distribution of material of 200 units per mg. between 2-bu- 
tanol and 0.01 m ammonium hydroxide; O, weight in mg.; @, total units of activity. 


cent acetic acid for 100 transfers. The solutions were dried, weighed, and 
assayed. The peaks of both the activity and solid curves were in Tube 
30. The most active material had 700 units of oxytocic activity per mg. 

A similar 100 transfer distribution was carried out on the material from 
Tubes 25 through 38 of the 53 transfer distribution between 2-butanol and 
0.01 mM ammonium hydroxide. The combined material from these tubes 
weighed 105 mg. and contained 39,300 units of oxytocic activity (375 units 
per mg.). When this material was distributed between 2-butanol and 0.05 
per cent acetic acid for 100 transfers, the peak of the activity and of the 
solids was in Tube 26. The material in this tube had a potency of 600 } 
units per mg. 
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Preparation of Material of 865 Units per Mg. by Counter-Current Distri- 
bution—157 mg. of material accumulated from several distributions, and 
having an oxytocic activity of 335 units per mg. (total 52,500 units), were 
put through a 53 transfer distribution between 2-butanol and 0.05 per cent 
acetic acid. Instead of being dried in the usual manner at room tempera- 
ture, the butanol-acetic acid mixtures were frozen and lyophilized. The 
resultant white powders were stored in vacuo over P:O; until they were 
dissolved in 0.05 per cent acetic acid and assayed. From this distribution 
87 mg. of material having a potency of 550 units per mg. were obtained. 

85 mg. of this 550 unit material were distributed again between 2-butanol 
and 0.05 per cent acetic acid in a 53 transfer distribution. The distribu- 
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Fic. 4. (a) 53 transfer distribution of material of 550 units per mg. showing ex- 
perimental values for weights and the theoretical curve for a single substance; O, 
weight in mg. (experimental); @, weight in mg. (theoretical). (6) 53 transfer dis- 
tribution of material of 550 units per mg. showing experimental values for activity 
and the theoretical curve for a single substance; O, total units of activity (experi- 
mental); @, total units of activity (theoretical). 


tion of solids and activity are shown in Fig. 4. The material at the peak 
of the curve (Tube 16) had a potency of 865 units of oxytocic activity per 
mg. 

Ultraviolet Absorption Spectrum—The ultraviolet absorption spectrum of 
asolution of purified oxytocic material in 0.05 per cent acetic acid is shown 
in Fig. 5. Strong end-absorption was found below 240 mu and there was 
asmall peak at 275 my. This peak coincides with the absorption peak of 
tyrosine and is probably due to tyrosine present in the material (4). 

Assay Procedure—The oxytocic material was assayed by a modification 
of the method of Coon (6). Chickens weighing about 2 kilos were anes- 
thetized with sodium phenobarbital intramuscularly. Injection of oxytocic 
material was made through a Kaliski needle fastened into one of the large 
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wing veins. The blood pressure recordings were made with a mereury By tl 
manometer, the cannula being inserted into a wing artery and connected oxyto 
to the manometer with a rubber tube containing 0.9 per cent sodium chlo- | digtril 
ride. Heparin was used in the saline solution to prevent clotting. A | mater 
standard solution of oxytocic material was prepared from U.S. P. posterior | distri 
pituitary reference standard and was made up according to U. S. P. XII 
directions (7). Injections of this standard solution, which contained 0.5 
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Fic. 5. Ultraviolet absorption spectrum of purified oxytocic material 


oxytocic unit per ml., were alternated with injections of unknown oxytocic 
solutions. The unknown solutions were diluted serially until they con- 
tained approximately 0.5 oxytocic unit per ml. 


The authors are indebted to Miss Janet Gruschow for assistance with 
the assays. 
SUMMARY 


The counter-current distribution principle of Craig has been applied to 
the purification of the oxytocic fraction of the posterior pituitary glané. 
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By the use of this procedure, material having a potency of 865 units of 
oxytocic activity per mg. has been obtained. The characteristics of the 
distribution curve of this high potency material suggest either that this 


material is very nearly pure or that, if any impurity is present, it has a 


distribution coefficient almost identical with that of the oxytocie factor. 
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a-KETOBUTYRIC ACID AS A PRODUCT IN THE ENZYMATIC 
CLEAVAGE OF CYSTATHIONINE* 


By WILLIAM R. CARROLL,t GARDNER W. STACY, ann VINCENT 
pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, April 13, 1949) 


In the course of investigating cystathionine as a possible intermediate in 
the metabolic conversion of methionine to cystine, it was shown that both 
rat liver slices and a saline liver extract are capable of effecting the cleav- 
age of the carbon-sulfur bond of cystathionine with the formation of signi- 
ficant amounts of cysteine (1). It is of course of interest to determine the 
nature of the other fragment resulting from this cleavage. Two compounds 
which present themselves as obvious possibilities for this cleavage product 
are a-aminobutyric acid and homoserine (a-amino-y-hydroxybutyric acid). 

Evidence in support of both of these possibilities is found in some of the 
recent experimental work in relation to the problem. Binkley (2) pre- 
pared a liver extract which was effective in cleaving cystathionine if Mg++ 
or Zn** and adenosine triphosphate were added. He observed that the 
cleavage of cystathionine with this preparation was accompanied by the 
disappearance of acid-labile phosphate and the simultaneous appearance 
of a phosphate compound stable to acid hydrolysis. It was suggested that 
this product might be phosphohomoserine. 

Teas, Horowitz, and Fling, using a mutant strain of Neurospora which 
requires threonine and methionine for growth, found that homoserine could 
serve in place of both methionine and threonine in supporting the growth 
of the organism (3). Using other mutant strains, Horowitz (4) had al- 
ready demonstrated the formation of cystathionine as a step in the syn- 
thesis of methionine from cysteine. Teas, Horowitz, and Fling suggested 
(3) that homoserine might function as the source of the 4-carbon portion of 
the cystathionine synthesized by the Neurospora. Although homoserine 
may have this relationship to the synthesis of cystathionine in the Neuro- 
spora, it does not necessarily follow that it is formed in the cleavage of 
cystathionine by the mammal. It should be borne in mind that there is 
no evidence that cystathionine can replace methionine in the diet of the 
tat, even in the presence of choline (5). Furthermore, Armstrong and 

*The authors wish to thank the Lederle Laboratories Division, American Cy- 


anamid Company, for a research grant which has aided greatly in this work. 
t National Institutes of Health Senior Research Fellow. 


375. 














376 CLEAVAGE OF CYSTATHIONINE 


Binkley (6) have recently demonstrated that pt-homoserine, along with 


cystine and choline, will not substitute for methionine in the diet of the 
growing rat. 

Some evidence indicating a-aminobutyric acid as a possible cleavage 
product of cystathionine was furnished by the observations of Dent. By 
use of paper chromatography he identified a-aminobutyric acid in the urine 
of a patient suffering from Franconi’s syndrome (7). He also noted that 
a-aminobutyric acid occurred in normal blood and urine (8). The oral 
administration of methionine to either a normal subject or one with 
Franconi’s syndrome caused an increase in the excretion of a-aminobutyric 
acid as well as methionine and methionine sulfoxide. Evidence that a- 
aminobutyric acid may play a réle in methionine metabolism was recently 
cited by Fromageot and Clauser (9). 

In approaching the question of the nature of the cleavage products of 
cystathionine, we have encountered the fact that an a-keto acid is formed 
during the cleavage of this thio ether with a liver enzyme preparation. 
It is formed along with cysteine and in about equivalent amounts under 
some conditions. Since the incubation is carried out in the presence of 
cyanide (1), the formation of keto acid cannot be due to enzymatic decom- 
position of cysteine to hydrogen sulfide, pyruvic acid, and ammonia (10). 
An attempt was made to isolate the a-keto acid. 

From the combined mixtures from the incubation of several 10 mg, 
portions of cystathionine with the liver enzyme preparation, we were able 
to isolate and identify the a-keto acid as a-ketobutyric acid through con- 
version to its 2,4-dinitrophenylhydrazone. After recrystallization from 
ethyl acetate the 2,4-dinitrophenylhydrazone melted at 198-199°. It 
was shown to be identical with an authentic sample of the 2 ,4-dinitro- 
phenylhydrazone of a-ketobutyric acid by a mixed melting point deter- 
mination. 

The possibility that either homoserine or a-aminobutyric acid could be 
converted to a-ketobutyric acid under the conditions of the cystathionine 
cleavage was then investigated. It was shown that indeed homoserine 
was converted to an a-keto acid by the action of the liver extract under 
anaerobic conditions; the lactone of homoserine behaved in the same way. 
The keto acid derived from homoserine was isolated and identified as a- 
ketobutyric acid through conversion to a 2,4-dinitrophenylhydrazone. 
This identity was substantiated not only by a mixed melting point deter- 
mination but also by comparison of its infra-red absorption spectrum with 


that of an authentic sample. a-Aminobutyric acid did not produce any | 


keto acid upon incubation with the enzyme preparation under the condi- 


tions of cystathionine cleavage. Incubation of the enzyme preparatiol | 


with other compounds related structurally to homoserine, such as threonine 
and homocysteine, did not result in the formation of any keto acid. 
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The relationship of the a-ketobutyric acid to the primary cleavage 
product of cystathionine and the mechanism of this cleavage must rest on 
future work. If homoserine were formed, the formation of the keto acid 


_ would be explainable. On the other hand, the keto acid could well be 


formed from some other intermediate resulting from the cleavage. Fur- 
thermore, the possibility that deamination of the 4-carbon moiety of cysta- 
thionine might occur preceding cleavage cannot be ignored. 

If, ultimately, it should be demonstrated that homoserine is the primary 
cleavage product, the excretion of a-aminobutyric acid in the urine in Dent’s 
experiments (7, 8) might be explainable on the basis of the conversion of 
homoserine to a-ketobutyric acid with subsequent reductive amination of 
the latter to a-aminobutyric acid. Thus a-aminobutyric acid could result, 
but that would not necessarily mean that it was a primary cleavage product. 


EXPERIMENTAL 
Enzyme Preparation and Incubation Procedure 


The enzyme preparation used in these experiments was made by a modi- 
fication of Binkley’s method (2) from the livers of adult male albino rats 
purchased from Rockland Farms. The animals were killed by a blow on 
the head and bled from the neck. The livers were removed quickly, 
weighed, placed immediately in 2 volumes of cold 0.9 per cent NaCl in a 
Waring blendor, and homogenized for 30 to 60 seconds. (Grinding with 
sand and then mixing with saline proved to be equally as satisfactory as the 
Waring blendor technique for extracting the enzyme from liver substance.) 
The mixture was centrifuged for 30 minutes at 3000 r.P.M. in the cold room 
(6°). The small amount of fat collecting at the top of the centrifuge tubes 
was removed and the pink supernatant was poured into cellophane tubing 
for dialysis against 5 to 8 volumes of 0.9 per cent NaCl in the cold with con- 
tinuous rocking. ‘The pH should not be allowed to drop below 6.5 during 
the dialysis. Dialysis was continued for 20 to 24 hours, and the saline was 
changed three or four times during this period. The dialyzed material 
was then transferred to a flask and heated in a water bath at 55° for 8 to 
10 minutes, coagulation of a large amount of protein becoming evident 
after 5 to 6 minutes. This material was then cooled in an ice-salt bath 
to 0° and centrifuged in the cold for 30 minutes. The coagulated protein 
packed firmly, leaving a clear red supernatant which was the enzyme prep- 
aration. The pH at this stage was 6.6 to 6.9. In this condition the 
enzyme is fairly stable when kept in the cold, losing little activity in 3 days 
and about one-third of the activity ina week. The activity of this enzyme 
preparation is equal to that of the crude saline extract before dialysis and 
heat treatment. For the experiments described here, fresh enzyme was 
prepared every 2 or 3 days to avoid loss of activity. Different preparations 
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from different groups of three to seven animals showed no appreciable 
variation in potency. 

Destruction of the cysteine formed during cleavage was prevented al- 
most completely by the addition of NaCN, neutralized to a pH of approxi- 
mately 7, to give a final concentration in the incubation mixture of 0.004 
M. The actual concentration of cyanide in the mixture during incubation 
was less than 0.004 m, since hydrogen cyanide was lost during the equilibra- 
tion with nitrogen prior to incubation, as described below. 

The standard incubation procedure was as follows: The incubation vessels 
were 50 ml. Erlenmeyer flasks equipped with gas inlet and outlet tubes, 
In the flasks were placed 1 ml. of the enzyme preparation, 0.2 ml. of 0.1 
NaCN, neutralized to pH 7, the desired amount of substrate, and suff- 
cient 0.067 m phosphate buffer (pH 7.4) to give a final volume of 5.2 ml. 
At the beginning of each incubation, nitrogen was passed through the flasks 
for 5 to 10 minutes and the inlet and outlet tubes were then clamped. 
The flasks were shaken in a constant temperature bath at 38° for 1 hour, 
This procedure was used for all the incubations, unless other conditions are 
given. In certain specified cases, the incubations were carried out with 
distilled water as the medium in place of phosphate buffer. The enzyme 
effected cleavage under these conditions. The cleavage mixture became 
slightly cloudy, probably due to the precipitation of some of the protein 
material. 

Because of the low solubility of cystathionine in water it was found con- 
venient, when fairly large amounts of it were used, to dissolve it in a small 
volume of dilute acid solution, to neutralize this solution with dilute 
NaOH, and to dilute it with water to obtain a solution of the concentration 
desired for incubation. 


Cystathionine Cleavage Experiments 


Various amounts of L-cystathionine were incubated with the enzyme 
preparation according to the standard procedure, with variations in the 
amount of enzyme and the incubation time, as indicated in Table I. After 
incubation, the protein was precipitated by the addition of tungstic acid 
or trichloroacetic acid. The mixture was then centrifuged and aliquots of 
the supernatant were used for the estimation of cysteine and keto acid. 
Cysteine was determined by the Sullivan method (11). The amount of 
keto acid was determined by application of the direct method for deter- 
mination of total hydrazones described by Friedemann and Haugen (12). 
The filtrate from the incubation mixture was treated with 2 ,4-dinitro- 
phenylhydrazine, alkali was added, and the color development was com- 
pared with that from solutions containing known concentrations of the 
2 ,4-dinitrophenylhydrazone of pyruvic acid. 
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From the summary of the results in Table I, it will be noted that keto 
| acid and cysteine were produced in about equivalent amounts. The 
| extent of cleavage varies with the incubation time and the concentration 

of enzyme and substrate. 


TaBLe [| 
a-Keto Acid and Cysteine Formed in Enzymatic Cleavage of Cystathionine 




















‘ scsi a-Keto acid Cysteine 

Cystathionine oe ncubation ——— ——— ——-______—-- 

y preparation time Aesaide Theoretical peeren Theoretical 
pM ml. hrs. pM per cent pM per cent 
13.5 1 0.33 4.6 35 6.0 44 
13.5 1 0.75 6.8 50 7.8 58 
13.5 2 0.75 8.0 59 8.0 59 
13.5 l 1.0 (iC 57 7.7 57 
22.5 ] 1.0 9.2 40 10.8 48 
45.0 1 Be 10.9 24 14.6 32 
45.0 2 1.0 16.4 36 16.4 36 
13.5 1 1.5 8.0 59 7.6 56 
13.5 1 2.5 8.0 


59 6.4 47 


* All incubations were carried out in the presence of cyanide. 








Isolation of a-Ketobutyric Acid 2 ,4-Dinitrophenylhydrazone from 
Cystathionine Cleavage Mixtures 


The a-keto acid was isolated from the deproteinized cleavage mixture by 
precipitation of the 2 ,4-dinitrophenylhydrazone from aqueous solution by 
amethod similar to that used by Neuberg and Kobel (13) and Krebs (14) 
for isolations of pyruvic acid and a-ketobutyric acid, respectively. 

Eight 10 mg. portions of cystathionine were dissolved in 0.2 ml. of 1 
N HCl and 2 ml. of water. The solutions were then neutralized with 0.4 
ml. of 0.6 N NaOH, 0.2 ml. of 0.1 m NaCN neutralized to pH 7 was added, 
and the volume was adjusted to 3 ml. with water. 1 ml. of the enzyme 
preparation was added to each mixture. The mixtures were incubated 
under anaerobic conditions at 38° for 20 minutes. Another 1 ml. portion 
of enzyme was then added and the incubation was continued for an addi- 
tional 40 minutes. The contents of all the flasks were then combined and 
poured into a large test-tube containing 1 ml. of 2.5 N HCl. 3.5 ml. of 10 
per cent sodium tungstate were added and the volume was adjusted to 50 
nl. with water. After being allowed to stand for 4 hours in the refrigerator, 
the mixture was centrifuged. The supernatant amounted to 42.5 ml. 

To 20 ml. of this supernatant were added 5 ml. of an acid solution of 
2,4-dinitrophenylhydrazine (6.25 mg. per 1 ml. of 2 N HCl). After the 
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mixture was cooled for several hours, the precipitate of the 2 ,4-dinitro. 
phenylhydrazone was separated by centrifugation and washed with 5 ml, 
of 0.25N HCl. The yield of crude material was 20mg. It was extracted 
with three 1 ml. portions of boiling ethyl acetate, each extract being filtered 
to remove inorganic material. The 2 ,4-dinitrophenylhydrazone crystalliz. 
ing from the combined ethyl acetate solutions as long needles amounted to 
8 mg., m.p. 198-199°.! Its percentage composition corresponded to that 
of the 2 ,4-dinitrophenylhydrazone of a-ketobutyric acid. 


CioHiwOsN,y. Calculated. C 42.56, H 3.57, N 19.85 
282.2 Found. ** 42.44, ** 3.59, ** 19.93 


An authentic sample of a-ketobutyric acid was prepared according to the 
method of Tschelinzeff and Schmidt (15). The 2 ,4-dinitrophenylhydra. 
zone of the latter compound melted at 196-198°. The melting point of a 
mixture of the material isolated from the cystathionine cleavage with this 
authentic a-ketobutyric acid 2 ,4-dinitrophenylhydrazone showed no de- 
pression, m.p. 196-198°. 


Incubation of Homoscrine and Related Compounds with Liver 
Enzyme Preparation 


pL-Homoserine and pL-homoserine lactone were prepared by the method 
of Livak and coworkers (16). These two compounds and L-homoserine’ 
were incubated anaerobically at 38° in water with the liver enzyme prep- 
aration under a variety of conditions. The amount of a-keto acid for 
mation was determined by the same method as that used on the cysta- 
thionine cleavage mixtures. The cleavage conditions and the yields oi 
a-keto acid from these incubations are summarized in Table II. 

Incubation of DL-a-aminobutyric acid, pt-threonine, or pL-homocysteine 
with the enzyme preparation gave no a-keto acid. 


Isolation of a-Ketobutyric Acid 2 ,4-Dinitrophenylhydrazone from 
Homoserine Incubation Mixture 


A solution of 420 um (50 mg.) of pt-homoserine in 1 ml. of water and 0.2 
ml. of 0.1 m NaCN was incubated anaerobically at 38° for 2.5 hours with 
4 ml. of liver enzyme preparation. The pH of the mixture was adjusted 
to 2 by addition of 2.5 n HCl and the proteins were precipitated by addition 
of 0.7 ml. of 10 per cent sodium tungstate and separated by centrifugation 

The supernatant contained about 150 um of keto acid. This was treated 
with 5 ml. of an acid solution of 2 ,4-dinitrophenylhydrazine (6.25 mg. pel 


1 All the melting points were determined on the hot stage and have been cor | 


rected. 
* The sample of u-homoserine was kindly supplied by Dr. Marvin D. Armstrong 
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{ml. of 2N HCl). The 2,4-dinitrophenylhydrazone formed immediately. 
After having stood for several hours in the refrigerator, the precipitate was 


CioHi0OeN,. Calculated. C 42.56, H 3.57, N 19.85 
282.2 Found. ** 42.55, ‘* 3.87, “* 19.71 


eparated by centrifugation and washed with 0.25 n HCl (yield, 44.5 mg.). 
combined extracts were filtered, concentrated to a volume of 3 ml., and 


cooled. 20 mg. of the 2,4-dinitrophenylhydrazone separated as yellow 
needles, m.p. 196-198°. In percentage composition and in melting point 


TABLE IT 
| Formation of a-Keto Acid from Homoserine by Incubation with Liver Enzyme 
Preparation 
a-Keto acid 
Substrate ee Nenmyme | Nas _ Bs ETES 
| aration | (0-008) |S | Amount | Theoreti- 
uM ml. hrs pM per cent 
pi-Homoserine. . sine oe) ES 1 a 0.75 3.8 28 
Ke ee RP rie 0.5 ~ 1 3.6 16 
eo eS. a oe 2 + 1.75 2.6 10 
rer 27 . s | + 2 3.3 | 12 
- 42 | ] 1 - | 1.5 13.8 | 8 
og | 42 ry - 1.5 19.1 45 
“s 42 ie ; oo 1.5 19.8 | 47 
| 42 rs ~ l 18.5 | 44 
i. & ey — 0.75 15.7 | 29 
i | 84 2 + 1.5 30.5 36 
s 420 | 4 + 2.5 170 40 
-Homoserine. . . 13.5 2 + 1.75 2.0 15 
1 + 1.5 4.5 | 3 





tt-Homoserine lactone 13.5 


| 
| 
| 


this substance corresponded to the 2 ,4-dinitrophenylhydrazone of a-keto- 
butyric acid. 

Admixture of this derivative with an authentic sample caused no de- 
pression in the melting point, 197-198°. Also, a mixture of the keto- 
butyric acid derivative isolated from the homoserine incubation mixture 
with that obtained from the cystathionine cleavage melted at 198-199°. 

Further substantiation of the identity of the a-ketobutyric acid 2,4- 
dinitrophenylhydrazone derived from homoserine with authentic a-keto- 


| butyric acid 2 ,4-dinitrophenylhydrazone was obtained by comparison of 


their infra-red absorption spectra. 
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The authors extend their appreciation to Dr. Julian R. Rachele for de. | 


termination and comparison of infra-red absorption spectra and to Mrs. 
Josephine T. Marshall for carrying out the microanalyses. 


SUMMARY 





In addition to the formation of cysteine, the formation of an a-keto acid | 


has been detected in the cleavage mixture from the incubation of L-cystg. 


thionine with a rat liver enzyme preparation. This keto acid has been | 


identified as a-ketobutyric acid by isolation from the cleavage mixture as 
the 2 ,4-dinitrophenylhydrazone. p1i-Homoserine was also converted to 
a-ketobutyric acid by the action of the enzyme preparation under the con- 
ditions of cystathionine cleavage. DL-a-Aminobutyric acid did not yield 
any a-keto acid upon incubation with the enzyme preparation. 


BIBLIOGRAPHY 

1. Binkley, F., Anslow, W. P., Jr., and du Vigneaud, V., J. Biol. Chem., 148, 559 
(1942). 

2. Binkley, F., J. Biol. Chem., 155, 39 (1944) 

3. Teas, H. J., Horowitz, N. H., and Fling, M., J. Biol. Chem., 172, 651 (1948) 

4. Horowitz, N. H., J. Biol. Chem., 171, 255 (1947). 

5. du Vigneaud, V., Brown, G. B., and Chandler, J. P., J. Biol. Chem., 148, 5 
(1942). 

6. Armstrong, J. D., and Binkley, F., J. Biol. Chem., 174, 889 (1948) 

7. Dent, C. E., Biochem. J., 40, p. xliv (1946). 

8. Dent, C. E., Science, 105, 335 (1947). 

9. Fromageot, C., and Clauser, H., Biochim. et biophys. acta, 1, 449 (1947) 

10. Smythe, C. V., J. Biol. Chem., 142, 387 (1942). 

11. Sullivan, M. X., Pub. Health Rep., U. S. P. H. S., 44, 1421 (1929) 

12. Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943 

13. Neuberg, C., and Kobel, M., Biochem. Z., 219, 490 (1930). 

14. Krebs, H. A., Z. physiol. Chem., 217, 191 (1933). 

15. Tschelinzeff, W., and Schmidt, W., Ber. chem. Ges., 62 B, 2210 (1929). 

16. Livak, J. E., Britton, E. C., VanderWeele, J. C., and Murray, M. F., J. Am 


Chem. Soc., 67, 2218 (1945). 


) 


' 


By JAN 


(From t 


Stud 
have d 
the uri 
hydrol 
shown 
ence O 
were iI 
well o1 
may be 
planne 
casein 
tion of 
These 
conten 
from 0 
peptide 
of othe 


Thre 
balance 
mined | 


where 

K is th 
the uri 
lactalb: 


* The 
Biologic 
Biologic 








3. | THE EFFECT OF ENZYMATIC HYDROLYSIS ON THE 
NUTRITIVE VALUE OF CASEIN 


III. INTRAVENOUS FEEDING IN DOGS* 


id By JAMES B. ALLISON, BACON F. CHOW, JOHN I. WHITE, anno JAY 8. ROTH 


(From the Bureau of Biological Research, Rutgers University, and from the Division 
el of Protein Chemistry, of The Squibb Institute for Medical Research, 
as New Brunswick) 


(Received for publication, March 21, 1949) 


ld Studies by Christensen ef al. (1, 2) and by Allison and associates (3) 
have demonstrated that the urinary excretion of peptides is greater than 
the urinary excretion of free amino acids following the infusion of partial 
hydrolysates of casein or of fibrin. Christensen and coworkers have 
shown also that infusion of these hydrolysates results in a greater persist- 
ence of peptides in the plasma than of free amino acids. Their results 
were interpreted to mean that in a given hydrolysate peptides are not as 
_ well or as quickly utilized as free amino acids, although some peptides 
may be more readily utilized than others (2). The following studies were 
planned to determine the effects of varying the degree of hydrolysis of 
casein by pancreatic enzymes from 18 to 40 to 60 per cent, on the excre- 
tion of peptides in the urine, and on the retention of nitrogen in the animal. 
These enzymatic hydrolysates were found to have approximately the same 
contents of the ten essential amino acids and they, therefore, differed 
from one another only in the proportion of free amino acids and poly- 
peptides. Enzymatic hydrolysis was used so that the destructive forces 
of other forms of hydrolysis on certain amino acids would be minimized. 


Am Methods 


Three adult litter mate beagles were used in these studies. The nitrogen 
balance indexes of intravenously fed protein hydrolysates were deter- 
mined by the following equation, 


550 


UN = (1—K)(AN) + UNo (1) 


where UN is the urinary nitrogen during the hydrolysate feeding period, 
K is the nitrogen balance index, AN is the absorbed nitrogen, and UN, is 
the urinary nitrogen excretion in the dog near nitrogen equilibrium on a 

) lactalbumin diet. UN and UN» are determined experimentally, AN 
* These studies were supported by the Protein Metabolism Fund of the Bureau of 


Biological Research. Some of these data were presented before the Division of 
| Biological Chemistry of the American Chemical Society, Chicago, 1948. 
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equals the amount of hydrolysate nitrogen infused, and K can be cal- 
culated from Equation 1. The index (K) is a function of the amount of 
absorbed nitrogen retained in the body of the animal and may be defined 
as the rate at which the protein stores of the body are being filled (4). 

The normal, adult, parasite-free dogs were placed on a lactalbumin 
diet at a nitrogen intake of 120 mg. of protein nitrogen per kilo of body 
weight per day and at an intake of 70 calories per kilo of ‘probable weight” 
as calculated from Cowgill’s data (5). The dogs received this diet for 
an adjustment period of 4 days (Days 1 to 4) during which no collections 
were made. The following 3 days (Days 5 to 7) the dogs were fed the 
same lactalbumin and the urine was collected and pooled for the deter- 
mination of UN» Sample 1. The hydrolysate was fed intravenously on 
Days 8 to 11, the dogs receiving 120 mg. of hydrolysate nitrogen per day 
per kilo of body weight at a rate of 1 mg. of N per minute per kilo of body 
weight. Immediately after each intravenous feeding the dogs were fed 
orally a protein-free diet (70 calories per kilo of body weight per day). 
The urine was collected and analyzed daily for the determination ef UN 
during this infusion period. The infusion was followed by another 3 
day (Days 12 to 14) lactalbumin feeding period (120 mg. of nitrogen per 
kilo per day) for the determination of UN» Sample 2. 

The daily K values for the 4 days of intravenous feeding were calculated 


from Equation 1. UN» Sample 1 determined immediately before a period | 
of infusion was used for the calculation of K during the first 2 days of | 


intravenous feeding. UN» Sample 2 of the lactalbumin feeding period 
immediately following the infusion period was used to calculate K for the 
last 2 days of the hydrolysate feeding period. 

The free and “bound” a-amino nitrogen concentrations were deter- 
mined in 24 hour urine samples by the ninhydrin method of Van Slyke, 
MacFadyen, and Hamilton (6). The bound amino nitrogen was calculated 
by subtracting the free a-amino nitrogen from the total a-amino nitrogen 
determined after the urine had been hydrolyzed with an equal part of 12 N 
HCI for 6 hours at 120° and 15 pounds pressure. The casein hydrolysates 
were prepared enzymatically so that 18, 40, and 60 per cent of the amino 
acids were liberated. The methods of preparation have been published 
in detail elsewhere (7). Only solutions free of pyrogen were used in this 
study. 


Results 


The value for UN» in Equation 1 should equal the excretion of urinary 
nitrogen when the dogs are receiving a protein-free diet, the so called 
excretion of endogenous or body nitrogen. The value for UNo may also 
be determined by feeding a protein with a nitrogen balance index of unity. 
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The lactalbumin used in these experiments had an average nitrogen balance 
| | index of unity in dogs. Thus this lactalbumin was fed to litter mate 
| | dogs to determine UN, in Equation 1, preventing the protein-depleting 
eects of feeding a protein-free diet. The average indexes for the 18, 


1 | 49, and 60 per cent hydrolysates fed intravenously to the dogs are recorded 








y | in Table I. 
| 
rr | TABLE I 

| Average Daily Urinary Nitrogen Excretion and Nitrogen Balance Indexes 
1e The determinations were made on three dogs fed intravenously 120 mg. of casein 
Y- | hydrolysate nitrogen per day per kilo of body weight. 
; Degree of hydrolysis) No. of daily | UN | UNe K 
wv | 
y eo | | mg. per day per hg. oa “per day per kg. 
e(| 18 12 158 100 0.52 + 0.08" 
7). 40 12 165 105 | 0.50 + 0.08 
N 60 8 150 | 99 | 0.57 + 0.09 
3 *St andard error. 
er 

TABLE I] 

ed Daily Urinary Amino Nitrogen during Feeding of Lactalbumin Orally and 
‘od Casein Hydrolysates Intravenously 
of | 120 mg. of nitrogen per day per kilo of body weight; average data obtained on 


‘od | three dogs. All values are expressed as mg. per day per kilo. 
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Nitrogen source 18 per cent nt Medieval | 40 per cent hydrolysate 60 per ¢ cent ie dei sate 








ery | Free | Bound | Free | Bound Free Bound 
ke, = _- | ~| —|- _ — |—__— ~ 
ted lactalbumin 15 | 46] 1.8 | 444] 1.7 6.9 
oen Hydrolysate. . 2.3 |} B61 - 2} Ba 2:0" 4: 8 
9 “ i ali hf ase 1.8 19.9 3.0 16.4 

‘ - 1s | Re pos 20.2 | 2.6 17.7 
ates " 2.1 16.0) OH 19.7 2.3 22.9 
1100 | lactalbumin 1.2 4.6 | 1.5 3.8 1.6 5.8 





shed ‘ Pap oe 
this The authors wish to express their appreciation for the technical assistance of 
* | Mrs. Lois Chesner in the determination of amino nitrogen. 





These data demonstrate that the retention of nitrogen as measured by 
he index is the same for the three hydrolysates. The results can be 


— | interpreted to mean that approximately half of the nitrogen infused is 
alld tained, some of which originated from polypeptide nitrogen in the hy- 
also trolysate. Thus at least a part of the peptides of casein as well as the 
nity. 


ite amino acids may be utilized to build up the nitrogen stores of the 
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body. Further studies are under way to compare the rate of metabolism 
of the peptides with free amino acids and to determine the effect of logs 
of varying amounts of peptides in the urine on the indexes. Preliminary 
data indicate that both the rate of utilization and loss of peptides in the 
urine may alter the retention of nitrogen. 

The data recorded in Table II illustrate the spilling of free and bound 
a-amino nitrogen in the urine during the days of infusion of the hydroly- 
sates recorded in Table I. The free a-amino nitrogen excreted daily in 


— 


1S 


Mgs /Hour/Kg 
| 
the 


Lz: 








URINARY NITROGEN 
T 
LZ ZLIB, 























NYA 
fe) ae a ee 
HOURS 


Fic. 1. The rate of urinary nitrogen excretion plotted against time in hours 
The data for the 1st hour represent the control. 120 mg. of the 60 per cent hy- 
drolysate N per kilo of body weight were infused during Hour1 to2. The solid blocks 
represent the excretion of a-amino nitrogen, the blocks with slanted lines, the rate of 
excretion of peptide nitrogen, the blocks with vertical lines the rate of excretion of 
ammonia nitrogen, and the clear blocks the rate of excretion of urea nitrogen. 





the urine was not increased very much above the lactalbumin control 
during intravenous feeding, a result which is in agreement with data pre- 
viously published by Allison, Seeley, and Ferguson (3) who pointed out 
that excretion of free amino acids had little effect on the index of protein 
hydrolysates. The bound or peptide nitrogen was increased significantly, 
irrespective of the degree of hydrolysis. These data demonstrate that 
there is a fraction of bound nitrogen which is lost in the urine, possibly 
because it is not readily utilized by the animal, or it is excreted before it 


can enter into the metabolism of the body. That most of the peptide 


nitrogen is lost during the hour of infusion and shortly thereafter is il 
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justrated by the data obtained on the 60 per cent hydrolysate in Fig. 1. 
The first series of blocks (Hour 0 to 1) in Fig. 1 represents the excretion 
of various forms of urinary nitrogen under control conditions. The 
second series of blocks illustrates the excretion during the hour of infusion 
(Hour 1 to 2), while the remainder of the blocks record data obtained 
after the infusion had ended. The excretion of peptide nitrogen was 
similar in the 18, 40, and 60 per cent hydrolysate. Sufficient peptide 
nitrogen is lost in the urine, therefore, to reduce the nitrogen balance 
index, but the effect on the index is independent of the degree of hydrolysis. 

The increases in excretion of a-amino nitrogen, ammonia nitrogen, 
and urea nitrogen are also illustrated in Fig. 1. The increase in excretion 
of a-amino nitrogen and ammonia was slight but greatest during and im- 
mediately following the infusion. The increased excretion of urea was 
built up during the hours following infusion, reaching a maximum for 
most of the hydrolysate at 3 to 4 hours, returning gradually to control 
values over a period of 10 or more hours (3). Preliminary data indicate 
that the return to the control value is slower in the 18 and 40 per cent than 
in the 60 per cent hydrolysate, results which suggest a less rapid catabolism 
of peptides than of amino acids. This suggestion is being investigated 
further. 

SUMMARY 


The nitrogen balance index for 18, 40, and 60 per cent enzymatic hy- 
drolysates is approximately 0.5 and independent of the degree of hydrolysis. 
Both free and bound amino nitrogen contribute to the retention of nitrogen 
in the animal. Urinary a-amino nitrogen increases slightly during and 
immediately following the infusion of these hydrolysates. The excretion 
of peptide nitrogen increases similarly but more markedly, with no signifi- 
cant effect of the degree of hydrolysis on this excretion. The excretion 
of urinary ammonia nitrogen increases slightly during the hour of infusion 
and the hour or two following it, while urea nitrogen rises gradually to a 


maximum at 3 or 4 hours, returning to control values 10 or more hours 
after infusion. 
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Bloom eé al. (1) found that ultraviolet light converted pteroylglutamic 
acid (PGA) which is not fluorescent into a fluorescent material. Stokstad, 
Fordham, and de Grunigen (2) observed that sunlight caused the libera- 
tion of a diazotizable amine, indicating that cleavage had occurred between 
the pterine and the p-aminobenzoylglutamic acid components. As part of 
a search for a sensitive analytical reaction for PGA, this photolytic effect 
has been further investigated, and a rather interesting sequence of trans- 
formations has been found to occur. Evidence to be presented below in- 
dicates that when PGA (I) is irradiated with ultraviolet light it is first 
converted to 2-amino-4-hydroxy-6-formylpteridine (II) and a diazotiz- 
able amine. With further irradiation the aldehyde is converted to the 
corresponding 6-carboxylic acid derivative (III) and finally to the decar- 
boxylated 2-amino-4-hydroxypteridine (AHP) (IV). This, in turn, is sus- 
ceptible to oxidation to isoxanthopterin (V) by an enzyme present in cream, 
which is probably identical with xanthine oxidase and xanthopterin oxidase. 
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It seems possible that either the increase in fluorescence on irradiation or 
the more specific change in fluorescence resulting from the enzymatic oxi- 
dation of the final irradiation product might prove analytically useful. 
The aldehyde formed as the first photolytic product has proved to be a 
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remarkably effective inhibitor of the oxidative enzyme. As little as 2 x 
10~ y per ml. causes definite inhibition. 


EXPERIMENTAL! 


It was observed that a solution of 20 y of PGA per ml. in 0.01 N acetic 
acid became very fluorescent (Table I) when irradiated with a source of 
the 365 mu mercury line (a General Electric B-H4 lamp).? The develop. 
ment of fluorescence was accompanied by the appearance of diazotizable 
amine with a molar yield of about 80 per cent (compared to p-aminobenzoic 
acid). When this fluorescent solution was diluted 4-fold with 0.05 x 
acetic acid and subjected to more intense irradiation (General Electric 
A-H4 or A-H5 lamp), there was little change in fluorescence as measured 
in borate buffer at pH 9, but the fluorescence in 0.1 mM phosphate buffer 
of pH 6.8 fell appreciably, suggesting that there had been further change 
(Table I, lower section). The occurrence of such change could be con- 
firmed by treating the irradiated solutions with a preparation of “‘xanthine 
oxidase’ from cream. This enzyme was without effect on the products 
of mild irradiation, but when incubated with the products of more intense 
irradiation, the enzyme effected a large increase in the fluorescence in 
phosphate buffer (Table I, Column 5). The enzyme concentrate was pre- 
pared according to Ball (4). The question of its identity with xanthine 
oxidase or the xanthopterin oxidase of Wieland and Liebig (5) and Kalckar 
and Klenow (6) will be discussed in a separate paper (7). 

Thus two distinct fluorescent irradiation products appeared to be formed 
from PGA. That still a third substance was produced early in the reaction 
was indicated by the presence of material inhibitory to the above enzyme. 
This inhibitory substance appeared and then disappeared before the en- 
zyme-sensitive product was formed (Table I, Column 7). 


1 This study was greatly simplified by having available all of the 6-substituted 
derivatives of 2-amino-4-hydroxypteridine. The PGA, pteroyldiglutamic acid, 
pteroyltriglutamic acid, 2-amino-4-hydroxy-6-formylpteridine, and 2-amino- 
4-hydroxy-6-carboxypteridine were generously furnished by Dr. E. L. R. Stokstad 
and Dr. T. H. Jukes of the Lederle Laboratories Division, American Cyanamid Com- 
pany. The 2-amino-4-hydroxy-6-hydroxymethylpteridine, 2-amino-4-hydroxypteri- 
dine, xanthopterin, and isoxanthopterin were kindly supplied by Dr. G. H. Hitchings 
of Burroughs Wellcome and Company. 

2 The fluorescence was measured with either the Coleman fluorometer model 12 
or the very sensitive Farrand micro fluorometer (3). The light filter combination 
used consisted of a primary of Corning glass 5860 (transmits Hg line 365 my), and 8 
secondary of Corning glass 4308, Wratten gelatin film 2A, and Corning glass 3389 
in this order receding from the sample tube. This is similar to the filter combination 
usually employed with thiochrome, but is modified to reduce the optical blank (3). 

3 The diazotizable amine disappears completely (Table I) when irradiated with the 
powerful A-H5 lamp which has a clear glass envelope and emits some light at wave- 
lengths shorter than 365 my. 
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It seemed worth while to explore the possibility that all three of these 
products were 2-amino-4-hydroxypteridines, substituted in the 6 position. 
The 6-methyl and the 6-hydroxymethy] derivatives were ruled out as 
major products, since they were both stable to ultraviolet irradiation and 
were unaffected by the cream enzyme. Xanthopterin (the 6-hydroxy 


TABLE I 
Effect of Ultraviolet Irradiation on Pteroylglutamic Acid 





Fluorescence, galvanometer divisions | 
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Time of — | | Diazotizable | Enzyme 
irradiation | Prints | peta _| Change due | amine inhibitor 
| Borate, | rtee” | Phosphate, oe || | 

pH 9 pH 6.8 | 
ee | 8 |} 's eae ee 
Irradi ation 2 in. from are of B-H4f lamp (in 0.01 N acetic acid) 
nite i | er cent l per cent 
; | | oretical | theoreticalt 
"Ss eee ee ie 1 | 2 | 16 
15 12 | 5 | 5 eo | @ a s 
30. COS 52 | 27 26 -1 | 78 * 
45 | 60 | 30 | 30 eat: See 
60 66 33 | 34 1 78 | oa 
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Irradiation continued 2.8 in. from are of A-H5t lamp 


15 6 62C|Cté« 51 23 





| | 408 

Ss | @ 4+’ a 60 35 | 228 

~ ) .— ) a 73 53 | 4§ 
180 | 6 | 7 69 | 82 





* Enzyme treatment after irradiation. 

¢ General Electric Company mercury arc lamps. The 100 watt B-H4 lamp has 
4 filter jacket which passes primarily the 365 my line. The 250 watt A-H5 lamp 
has a clear glass jacket, and hence passes wave-lengths down to about 300 mu. 

{ Calculated as per cent of the possible 6-aldehyde which could be formed from 
the PGA present. The inhibitor was measured by its ability to inhibit the 
enzymatic oxidation of 2-amino-4-hydroxypteridine, and was compared with known 
amounts of 6-aldehyde (7). 


§ Interpolated from a separate experiment. 


derivative) could be eliminated by its behavior with the cream enzyme. 
This oxidase converts xanthopterin into leucopterin (5, 6) which, instead 
of being more fluorescent, is non-fluorescent in the neutral pH range. 
This left three other possibilities, the 6-aldehyde, the 6-carboxylic acid, 
and the 6-hydrogen derivative or AHP. These compounds proved to have 
the properties of the three successive photolytic products of PGA. Thus 
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the aldehyde is a strong inhibitor of the cream enzyme, and both the ald 

hyde and the carboxylic acid are converted by irradiation into AHP, which 
was in turn found to be the only member of the series readily oxidized by 
the cream enzyme. More complete evidence for the identity of thes 
materials follows. 
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WAVE LENGTH MILLIMU 
Fig. 1. Fluorescence spectra of known and suspected 2-amino-4-hydroxypteridine 
(AHP) and isoxanthopterin. The irradiation end-product is the third successive 
compound resulting from ultraviolet irradiation of pteroylglutamic acid. The 
enzyme product is the substance formed when ‘‘xanthine oxidase’’ is allowed to 
act on this irradiation end-product. 


The product of enzyme action on the end-product of photolysis of PGA 
appears to be isoxanthopterin, 7.e. 2-amino-4 ,7-dihydroxypteridine. Its 
fluorescence spectrum‘ (Fig. 1) coincides with that of synthetic isoxanthop- 


‘ The fluorescence spectra were measured by exciting with the 365 my mercury lines 
passing the fluorescence through the Beckman spectrophotometer, and measuring 
the feeble output with an electron multiplier phototube. The emission spectra were 
corrected for phototube sensitivity and light losses through the instrument on the 
basis of calibration with a tungsten lamp. The calibration was made in a manner 
similar to that described by Burdett and Jones (8). The fluorescence spectra were 
measured with a resolution of 3 to 5 mu and concentrations of 5 to 10 y of pteridine 
per ml. 
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terin. None of the other pteridines of this series have fluorescence spectra 
in this region. The fluorescence spectrum of synthetic AHP similarly was 
found to coincide with the product of intense irradiation of PGA (Fig. 1). 
This agreement, however, could not alone identify the compound, (1) since 
some of the other pteridines have fluorescent spectra which are very similar 
and (2) the 6-methyl and 6-hydroxymethy] analogues show a similar quan- 
titative change between phosphate and borate buffers. 
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Fie. 2. Change in absorption spectra of known and prpenten AHP with enzyme 
treatment. A solution containing 8.8 y per ml. of 2-amino-4-hydroxypteridine 
(AHP) was converted to isoxanthopterin with ‘‘xanthine oxidase;’’ the resultant 
change in the absorption spectrum is recorded. Similarly, the end-product of ir- 


radiation of pteroylglutamie acid was treated with the same enzyme; the compa- 
rable difference spectrum is given. 


Stronger evidence is furnished by the change in the absorption spectra 
(Fig. 2) which occurred when synthetic AHP and presumptive AHP (from 
irradiation) were treated with cream enzyme in the Beckman spectro- 
photometer. The concordance of the two difference spectra could scarcely 
be fortuitous. The difference spectra are given rather than the spectra 
themselves, since the irradiated specimen contained ultraviolet-absorbing 
degradation products of p-aminobenzoylglutamic acid, as well as the pteri- 
dine. The actual absorption spectrum obtained after treatment of known 
AHP with enzyme agrees with that of known isoxanthopterin. There 
seemed to be little question left that the final irradiation product was AHP, 
and that the enzyme product was isoxanthopterin. 

All the evidence indicated that the precursor of AHP was 2-amino-4- 
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hydroxy-6-carboxypteridine. The precursor could be formed by irradiat- 
ing a solution of PGA for several hours with a B-H4 lamp (Table I, upper 
section). Such a solution was neither very inhibitory for the cream en- 
zyme, nor did it contain appreciable enzyme substrate. That is, the 
fluorescent material present was neither the 6-aldehyde nor AHP. The 
precursor had the same distribution coefficient between water and organic 
solvents as known 6-carboxylic acid. Both substances were convertible 
into AHP at identical rates by irradiation. The changes in absorption 
spectrum resulting from this further irradiation were quite similar for both 
known 6-carboxylic acid and for presumptive 6-carboxylic acid from ir- 
radiated PGA. The two difference spectra did not coincide exactly be- 
cause of concomitant change in the p-aminobenzoylglutamic acid present 
in the sample from irradiated PGA. A small amount of suspected 6- 
carboxylic acid was obtained by differential elution of a sample of irradiated 
pteroyltriglutamic acid from Florisil, and the absorption spectrum con- 
curred with that of known 6-carboxylic acid. 

The precursor of 6-carboxylic acid, and apparently the first fission 
product of PGA, is almost certainly 2-amino-4-hydroxy-6-formylpteridine. 
At low substrate concentrations (10-* to 10-7’ m), oxidation of AHP to 
isoxanthopterin is markedly inhibited by less than 10-* y of 6-aldehyde 
per ml. (7) or by an equal amount of presumptive aldehyde from short ir- 
radiation of PGA. No other inhibitory substance with activity approach- 
ing this potency has been found. A small amount of this early irradiation 
product was isolated from a strong solution of irradiated PGA (1 mg. per 
ml.). The amount of dissolved oxygen was apparently inadequate for the 
complete oxidation of such a strong solution, and as a result there was an 
accumulation of the aldehyde. Comparison of the absorption spectrum 
of this material with that of known 6-aldehyde (Fig. 3) confirmed the iden- 
tity of this initial photolytic product. 

The three pteridine photolytic products from PGA and the enzymatic 
derivative of the last of these would seem to be reasonably well identified. 
Perhaps the strongest evidence is furnished by the chain of reactions as a 
whole. One may start with any member of the series and obtain in the 
predicted manner the next members of the sequence. 

Factors Affecting Photolysis—The oxidative photolysis, as expected, pro- 
ceeds very slowly in the complete absence of dissolved oxygen. The slow 
reaction which does occur is presumably made possible by photolytic re- 
lease of oxygen from the water. 

The rate of reaction is maximal at pH 3, although it has been carried to 
completion both at pH 1 and pH 7. At pH 9 the reaction has not been 
studied thoroughly. Fluorescence develops, but much more slowly than 
in the acid range. 

Fluorescence does not appear if samples are irradiated in the presence 
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of alcohols. This is apparently not due to inhibition of fission, but due toa 
light-catalyzed reaction between the alcohols and the liberated pteridines. 
The fluorescence of all three pteridines concerned is greatly decreased if they 
are irradiated for a short time in the presence of a 1 per cent aqueous solu- 
tion of benzyl alcohol. Methyl, ethyl, butyl, and benzyl alcohol, in this 
order, show increasing capacity to inhibit the appearance of fluorescence 
on irradiation of PGA. This phenomenon would need to be considered in 
any attempt to use the above sequence of reactions for analytical purposes. 
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Fig. 3. Absorption spectra 2-amino-4-hydroxy-6-formylpteridine and first ir- 
radiation product of pteroylglutamic acid. 


Fluorescent Properties of Pteridines—The pteridines are fluorescent over 
a wide pH range, but the fluorescence is markedly influenced by the com- 
position of the medium. Thus the amount and character of emitted light 
vary markedly with pH (Fig. 1) (see also Jacobson and Simpson (9)). 
Particularly striking is the degree to which a number of anions quench the 
fluorescence of pteridines (Figs. 4 and 5). The fluorescence of AHP or 
xanthopterin is 90 to 95 per cent quenched in 0.3 m phosphate at pH 6.8 
(Fig. 4). Isoxanthopterin is much less affected. For this reason the con- 
version of AHP to isoxanthopterin is accompanied by a large increase in 
fluorescence if the reaction takes place in 0.1 m or stronger phosphate buffer 
orin certain other buffers (Fig. 5). In dilute salt solutions AHP and xan- 
thopterin differ only a little in the intensity of their fluorescence. Since 
there is a linear relationship between the reciprocal of the fluorescence and 
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Fig. 4. Quenching of fluorescence of pterines by phosphate. The compounds 
represented are all 2-amino-4-hydroxypteridines with the indicated substituents in 


the 6 or 7 position. Reciprocal of fluorescence = (fluorescence without salt)/(ac- 
tual fluorescence). 


the concentration of the quenching anion (Figs. 4 and 5), it seems probable 
that the quenching can be ascribed to the formation of a dissociable non- 


fluorescent combination between the particular ion and the pteridine 


5 If anion (A) + pterine (P) = AP, then 





(AMP)... » 

. * 
Bids K(AP) a (total pterine) — (P) = (total pterine) _ 
' (P) (P) (P) 


If P alone is fluorescent then 
(Ay = x] Meemenoenee without salt. 
actual fluorescence 
When fluorescence = 50 per cent, A = K. The amount of bound anion is ignored 
in the above equation, since it is negligible. 
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The apparent dissociation constant of this complex is given by the salt 
concentration necessary to reduce the fluorescence to 50 per cent, e.g. 
0.043 mole of acetate per liter for AHP. Weil-Malherbe has discussed a 
similar situation with other fluorescent materials (10). When xanthop- 
terin solutions are diluted with phosphate buffer, the fluorescence does 
not immediately reach a stable value, but falls somewhat for a period of 
minutes. 

The quenching by anions is much less marked at more alkaline pH 
values (7.5 or greater), but the fluorescence of certain pteridines, notably 
that of xanthopterin, is enhanced at slightly alkaline pH by a variety of 
di- and trivalent cations, in some cases at very low cation concentrations. 


a 
pe 


* CITRATE - AHP 






& 


ACETATE - AHP 
L SUCCINATE - AHP 


ARSENATE - AHP 


WN 





K2 HPOg pH 9.2 
AHP OR ISO0xX 









ZS 


ZZ” KRSENATE 190K, 
PHATE 


RECIPROCAL OF FLUORESENCE 








Mss = Ge = - 8K. 
CITRATE 1SOXx oN. SUCCINATE 
- 1SOX 
= es eee anion —s J ‘ 
0 0.1 0.2 03 


MOLAR CONCENTRATION OF SALT 


Fia. 5. Quenching of the fluorescence of 2-amino-4-hydroxypteridine (AHP) and 
isoxanthopterin (ISOX) by various anions. Reciprocal of fluorescence = 


= (fluores- 
cence without salt)/(actual fluorescence). Unless indicated, the pH is approxi- 
mately 7. 


Because of the marked susceptibility of the fluorescence of the pteridines to 
quenching or enhancement, fluorescent measurements with the pteridines 


must be controlled with internal standards if quantitative concentration 
values are desired. 


SUMMARY 


It has been observed that, when pteroylglutamic acid is irradiated with 
ultraviolet light in slightly acid solution, it undergoes oxidative cleavage 
to yield in succession 2-amino-4-hydroxy-6-formylpteridine, 2-amino-4- 
hydroxy-6-carboxypteridine, and 2-amino-4-hydroxypteridine. The final 
photolytic product is susceptible to oxidation to isoxanthopterin by “‘xan- 
thine oxidase” from cream. The four compounds were identified chiefly 
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by their fluorescence spectra, absorption spectra, and behavior toward xan- 


thine oxidase. The aldehyde, which is the first photolytic product, is 
extremely active inhibitor of xanthine oxidase. 


ml. 


produces demonstrable inhibition. 
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When pteroylglutamic acid (PGA) is irradiated with ultraviolet light, 
oxidative cleavage occurs and three pteridines are formed in succession (1). 
It was observed that the last of the series, 2-amino-4-hydroxypteridine 
(AHP), could be oxidized to isoxanthopterin by a concentrate of xanthine 
oxidase from cream. It was also observed that the first photolytic product, 
2-amino-4-hydroxy-6-formylpteridine, was a remarkably effective in- 
hibitor of this enzymatic oxidation. As little as 2 X 10~‘ y of the aldehyde 
per ml. produced demonstrable inhibition (1). This enzyme and this in- 
hibition have been further explored and it appears that a single enzyme in 
cream is responsible for the oxidation of xanthine, xanthopterin, and AHP. 
The dissociation constant for the aldehyde-enzyme complex is so small 
that it has been possible to estimate an upper limit of the number of equiva- 
lents of enzyme present. 


Materials and Methods 


The 2-amino-4-hydroxypteridine (AHP), xanthopterin, and isoxanthop- 
terin were obtained through the courtesy of Dr. G. H. Hitchings of Bur- 
roughs Wellcome and Company. The 2-amino-4-hydroxy-6-formylpteri- 
dine was kindly furnished by Dr. T. H. Jukes of the Lederle Laboratories 
Division, American Cyanamid Company. The oxidase preparations will 
be described below. 

The enzymatic oxidation of xanthine to uric acid was measured by the 
increase in optical density at 295 mu (Kalckar (2)). For substrate con- 
centrations of the order of 10-° m, the enzymatic oxidations of xanthopterin 
to leucopterin, and AHP to isoxanthopterin were similarly followed by 
measuring the increases in the absorption spectra at 340 my (Kalckar and 
Klenow (3)) and 335 mu respectively. For work with higher dilutions of 
these two substrates the oxidations were followed fluorometrically. The 
fluorescence of xanthopterin disappears in the neutral pH range on con- 
version to leucopterin, and may be conveniently followed in the fluorom- 
eter (Kalckar and Klenow (3)). 

In 0.1 m phosphate or acetate buffer in the pH range from 4 to 7 there is 
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a 5- to 10-fold increase in fluorescence upon conversion of AHP to isoxan- 
thopterin (1). This increase can be used to measure the oxidation. At 
pH values more alkaline than 7 the enzymatic change in fluorescence be- 
comes less and is reversed at pH 9. With the Farrand micro fluorometer 
(4) the oxidation of either xanthopterin or AHP can be followed with sub- 
strate concentrations from 10~° down to as low as 3 X 107% mole per liter 
(0.005 y per ml.). It is thus possible by using both spectrometric and 
fluorometric means to measure the enzymatic oxidation of xanthopterin 
or AHP through a 1000-fold range in substrate concentration. 

Flavin-adenine dinucleotide (FAD) present in the enzyme was measured 
by a method detailed elsewhere (5). This method is based on the fact that 
FAD has only about 10 per cent of the fluorescence of flavin mononucleo- 
tide or riboflavin. The flavin was split from the proteins by heating 4 
minutes at 100°. The fluorescence of an aliquot was measured, following 
which an FAD-splitting enzyme from potato (6)' was added. The increase 
in fluorescence, with appropriate internal standards, was used as a measure 
of the FAD. 

Pterine Oxidase—The procedure given by Ball (7) for the preparation of 
xanthine oxidase was followed closely. The resultant material seemed very 
comparable to his preparation. The activity toward xanthine appeared 
to be at least as great, and the ratio of optical density at 280 mu to that at 
450 mu was 16 as compared to 12, as reported by Ball. This material was 
used for most of this study. A small sample was further fractionated at 
0° with neutralized ammonium sulfate (pH 6.8), as suggested by Kalckar 
(8). The flavin-adenine dinucleotide was measured in each of five suc- 
cessive fractions. The FAD accounted for more than 98 per cent of the 
total riboflavin of all the fractions. The protein was estimated from the 
light absorption at 280 mu by means of the coefficient determined by Ball 
(7). The enzyme activity and FAD content maintained a constant ratio 
in all fractions through a 9-fold change in activity relative to protein (Table 
I). The most active fraction had properties quite similar to the best prep- 
aration of Corran, Dewan, Gordon, and Green (9). They found a ratio 
of 6.2 between the optical densities at 275 and 450 muy, which is close to the 
Dos:Daso = 7.8 for the most active fraction listed in Table I. In this 
fraction 200,000 gm. of protein were associated with each mole of FAD 
(calculation from data of Corran ef al. indicated 170,000 gm. of protein 
per mole of FAD). The FAD as measured fluorometrically agreed exactly 
with the optical absorption of the heated extract, but only accounted for 
about a third of the optical density at 450 my of the unheated enzyme solu- 
tion (Table I, last column). This agrees exactly with Corran et al. who 


‘ Lowry, O. H., Bessey, O. A., and Love, R. H., in preparation. 
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measured FAD through its function as coenzyme for p-amino acid oxidase. 
Part of this apparent absorption may be due to light scattering by the 
protein; it is also possible that the absorption spectrum of FAD is altered 
by its combination with protein. The failure to find extra absorption in 
the heated extract argues against the presence of a second chromogenic 
prosthetic group. 

If the FAD is a direct measure of the number of moles of enzyme present, 
the turnover number at 30° is about 125 for xanthine at pH 6.8 in 0.1 m 
phosphate buffer (see below for the means used to measure xanthine oxida- 
tion). Evidence to be presented in another section indicates that the 


TABLE I 


Fractionation of Pterine Oxidase 


Enzyme activity 


(NH«):SO.* | Dssot Totalt | Total Protein ; , Vs. Sauk 
fraction Ba protein FAD FAD Vs, AHI Xanthine | lated from 

| | | ——_—— a FAD 

| Vinax-§ V max: | Vmax.ll 
M me. | 10-* mole | per Sohe | 

1.35 11.3 6.0 18.2 | 2.0 37 
1.48 40.0 8.4 6.9 12.1 3.3 40 128 3.5 
1.69 | 21.6 9.8 15.3 6.4 5.8 37 3.4 
1.96 12.4 12.5 38.2 3.3 | 12.4 4] 3.0 
oe 2 re) 58.5 2.0 | 18.5 | 37 123 3.0 


* The fraction analyzed is that which precipitated between the next lower 
and the given concentration of ammonium salt (0°, pH 6.8). 

t Optical density. 

t Calculated from Dego. 

§ Moles of substrate split per minute per 100,000 gm. of protein at 30° at pH 
6.8 in 0.1 um phosphate. 

| Moles of substrate split per minute per mole of flavin-adenine dinucleotide. 





number of active molecules or active centers cannot exceed about 60 per 
cent of the number of FAD molecules in this preparation; hence the turn- 
over number is 210 or more. Corran et al. calculated a turnover number 
of 306 for hypoxanthine at 38°. In what follows the active enzyme will be 
considered to be numerically equal to 60 per cent of the molecules of FAD. 

Activity toward AH P—With sufficient AHP to saturate the enzyme there 
is only minor dependence of the initial velocity of reaction, Vinax., on pH 
over a wide pH range (Fig. 1). The pH optimum is in the neighborhood 
of 5.5. The Michaelis-Menten constant, Ks, is quite low, varying from 
0.5 X 10-* to 3 X 10-* m over the pH range measured (Fig. 1). Under a 
given set of conditions the velocity data fit the equation Ks = (S)(Vmax. — 
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V)/V over the entire range of substrate concentration (S). (Both Vinx. and | Wi 
Ks vary somewhat with the kind and amount of salt present. The data | fg 


(Fig. 1) thus represent the mean values of measurements made undera | gh 
variety of conditions.) The greater dependence of rate on pH at very low —_—_ ag 
substrate concentrations is also indicated in Fig. 1 (Vaiu.). The tempera- | ox 
ture coefficient is 1.04 per degree (Qio = 1.5) in the range 15-45”. si 

Inhibitors—Several related pterines are competitive inhibitors for the tio 
enzymatic oxidation of AHP. Isoxanthopterin, the product of enzymatic ev 


oxidation of AHP, has a dissociation constant with the enzyme which is 
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Fig. 1. The effect of pH on the velocity of enzymatic oxidation of 2-amino-4 = 
hydroxypteridine at saturating concentrations of substrate (Vmax.) and at high dilu | 
tion of substrate (Vai.), and on the Michaelis-Menten constant. 1 
i8 8 
not very different from the Ks of AHP. An interesting consequence of whi 
this is that during the oxidation of AHP there is an approximation to a low 
first order reaction not only at high dilution but also at substrate concen- hibi 
trations up to several times the Ks. eXal 
The most potent inhibitor found is 2-amino-4-hydroxy-6-formylpteri- ¥ 
dine (Tables II, III, IV). The inhibitory constant, K;, is of the order of only 
10-° m, or 1000 times smaller than the Ks for AHP. Other pterines in- stra 


hibit, but to a much lesser degree, and it is necessary in each case to rule } mad 
out the possibility that a trace of the aldehyde might be present. Kalckar velo 
et al. (10) have given evidence that the inhibition by folic acid of the enzy- 1 
matic oxidation of xanthine and xanthopterin results from contamination the 
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with a little of the aldehyde. In the present investigation it was similarly 
found that folic acid inhibits AHP oxidation and that this inhibition is 
sharply diminished if some of the fluorescent impurities are removed by 
extraction. Xanthine (1 y per ml.) causes temporary inhibition of AHP 
oxidation, until it is itself oxidized by the enzyme. Hofstee has studied a 
more extensive series of inhibitors for xanthine and xanthopterin oxida- 
tion with similar findings (11). No other inhibitor has been found, how- 
ever, with activity approaching that of the 6-aldehyde. 


Tasre II 
Inhibition of Cream Enzyme by 2-Amino-4-hydrory-6-formyl pteridine 
Substrate, 2-amino-4-hydroxypteridine, 78 X 10° mole per liter. All values 
recorded as 10-* mole per liter, except V which is moles per minute per mole 


of Er. Vmax. = 62 moles per minute per mole of Er. Kg = 0.71 X 10 mole per 
liter. The symbols are defined in the text. 




















ce) ts) | Op | @) | ® | gi | @ Ki 
9.3 0 | 5.3 | 60 | 0.52 | 4.8 | | 

9.3 1.18 | 5.3 | 5.1 | 0.44 | 4.0 | 0.86 | 0.32 | (1.5)t 
9.3 2.26 | 5.3 3.9 | 0.34 | 3.14 | 1.82 | 0.44 | 0.8 
93 | 5.76 | 5.3 1.57 | 0.14 | 1.26 | 3.90 | 1.86 | 0.6 
2.5 | 0 | 1.53 | 61 | 0.158] 1.38 | 

2.56 | 0.62 | 1.58 | 4.3 | 0.107| 0.97 | 0.45 | 0.17 | (0.4)t 
2.56 1.18 | 1.58 3.5 | 0.089} 0.80 | 0.64 | 0.54 | 0.7 
2.56 | 2.26 | 1.53 | 2.19 | 0.057] 0.50 | 0.97 | 1.29 | 0.7 
2.56 | 5.76 | 1.53 | 0.85 | 0.021] 0.19 | 1.32 | 4.44 | 0.6 








* Assuming moles of enzyme = 0.6 X moles of FAD present. 


+ These values are less reliable than the rest due to the very low concentration 
of aldehyde. 


The apparent dissociation constant of the 6-aldehyde-enzyme complex 
is so small that partial inhibition is observed with amounts of the aldehyde 
which are lower, on a molar basis, than the enzyme itself. Indeed, with 
low substrate concentrations, each mole of the 6-aldehyde appeared to in- 
hibit more than 1 mole of enzyme, as measured by its FAD content. For 
example, in one case (Table II) the concentration of enzyme FAD was 9.3 
X 10-* Mm, and the substrate (AHP) concentration was 78 X 10~* m, or 
only sufficient to keep about 10 per cent of the enzyme combined with sub- 
strate; t.e., V was equal to 10 per cent of Vmax.. When the solution was 
made 2.26 X 10-* m with respect to the 6-aldehyde inhibitor, the reaction 
velocity was reduced to 65 per cent of the control. That is, the 2.26 x 
10° mole per liter of inhibitor had apparently inactivated 35 per cent of 
the enzyme or 3.3 X 10~ mole per liter as measured by the FAD. Since 
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the inhibition is clearly competitive and reversible, the most plausible 
explanation would seem to be that part of the FAD was not present in ae- 
tive enzymatic combination. The data to follow suggest that only 60 
per cent of the FAD is associated with active enzyme. (It would, however, 
also be reasonably consonant with the data if 2 moles of FAD were asso. 
ciated with each active enzyme molecule or center. Philpot (12), as a 
result of ultracentrifugal data on the enzyme preparation of Corran et al, 
(9), concluded that 1.4 to 3.1 moles of FAD were associated with each mole 
of enzyme.) The extremely low dissociation constant of the enzyme. 
inhibitor complex permits a virtual titration of the enzyme. 

In most instances of competitive inhibition, the amount of competitor, 
i, combined with enzyme, E£, is negligible in comparison with the total 
amount of inhibitor present, and hence in the mass law equation, ((Z)(7)) 
(Ei) = K,, it is possible and usual to consider (7) = (ir), the concentra- 
tion of total inhibitor (13, 14). In the present instance, however, a sub- 
stantial proportion of inhibitor is combined with enzyme and cannot be 
ignored. The following equations serve to evaluate K;, the enzyme-in- 
hibitor dissociation constant, and the number of moles, n, of FAD (whether 
active or inactive) which are associated with each mole or equivalent of 
active enzyme. 

Let (Z,), (ES), (Ez), and (E) represent respectively molar or equivalent 
concentration of total enzyme, enzyme combined with substrate, enzyme 
combined with inhibitor, and free enzyme. By definition (FAD) = n(Z;), 
Vinax. iS the velocity of enzyme activity with excess substrate and without 
inhibitor, and V is the observed velocity with given amounts of substrate 
and inhibitor. (S) is the substrate concentration. Then 


(Er) n( Er) V max 
’ (ES) n(ES) : ala 








(Er) = (ES) + (Ei) + (E), ip = i + Ei 











K (E)(S) née n(E)(S) aere (E) (7) A n( E)((ir) — (Ei) 
oT ey Sy oe a n(Ei) 

a n(E) (ir) n(E) (Ei) ” n(E) (ir) (BF) 

~ n(Bi) n(Ei) — n (Ei) 7 


As (E) approaches zero (n(E)(ir))/(n(E7)) will approach K;. Therefore 
n(E) and (n(E)(ir))/(n(Ei)) were plotted against each other, with use of 
the data of the experiment presented in Table III. A value of 0.6 X 10° 
M was obtained for K;, from which n was calculated to be approximately 
1.7. Thus the data suggested that only about 1/1.7 or 60 per cent of the 
FAD in this preparation was associated with active enzyme centers. The 
consistency of the calculated values for K;, except with the lowest inhibitor 
concentrations, suggests the validity of the above presentation. This 
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e | approach gives an upper limit for the amount of enzyme present. There 
‘ might be inactive enzyme present, still capable of combining with aldehyde; 
0 in addition, the aldehyde itself is slowly oxidized by the enzyme (see below), 
+ | which means the amount of aldehyde present is overestimated. 

| 
7 Tanxe III 
Activity of Cream Enzyme toward Xanthopterin and AHP; Inhibition of This 
Je Activity by 6-Aldehyde 


All values recorded as 10~* mole per liter, except V which is moles per minute 
per mole of Ey. The symbols are defined in the text. 















































. (s) |6-CHO (ir) | (Er)* v6| @s) | «) | (i | (i) Ki 
al S = 2-amino-4-hydroxypteridinef 
)) ~ $$$ $$ — 
12° 2590 | 0 98 | 5 | 80 | 1.8 
e 500 0 3.7 26.5 | 1.57 ; 2.13 | 
* ai 0 {82 10.2 0.60 | 3.10 | 
51 0 3.7 4.3 0.255 | 3.45 | | 
onl 2500 | 20.7 9.8 9.0 1.41 | 0.39 | 8.0 | 12.7 | 0.6 
her 2590 | 5.5 9.8 24.8 3.89 1.08 | 4.8 | 0.7 | 0.2 
of | 51 5.5 3.7 0.90 0.053 | 0.73 | 2.92 | 2.6 0.6 
51 | 62.4 | 8.7 | 2.08 | 0.123] 1.74 | 1.84 | 0.56 | 0.5 
aa ) Ss ee oe 3.7 2.98 0.177 | 2.50 | 0.92 0.18 0.5 
me | S = xanthopterint 
Er); -— — So 
out 2650 0 9.8 17.6 | 9.2 | 0.6 
rate 510 0 9.8 16.0 | 8.3 rw | 
132 | +O 3.7 | 7.6 | 1.50 | 2.20 | | 
tiocm | @ 3.7 | 4.1 | 0.81 | 2.89 | | | 
2650 | 54.6 9.8 3.4 | 1.77 | 0.128] 7.9 | 46.7 | 0.8 
250 | 20.7 | 9.8 | 6.0 | 3.12 | 0.225) 6.5 | 14.2 | 0.5 
| 53 | 5.5 | 3.7 | 0.77 | 0.15 0.55 | 3.0 | 2.5 | 0.5 
(Ei)) 53 24 | 3.7 | 2.03 0.40 1.45 | 1.85 0.55 | 0.4 
53 1.1 | 3.7 | 2.90 | 0.57 | 2.07 | 1.06 | 0.04 (0.1)§ 
wet * Moles of enzyme = 0.6 X moles of FAD present. 
~(B) | t Vmax. = 62 moles per minute per mole of Zr. Ks = 0.72 X 10 mole per liter. 
t Vmax. = 18.8 moles per minute per mole of Er. Ks = 0.19 X 10°. 
-efore § This value is less reliable than the rest due to the very low concentration of 
se of the aldehyde. 
10° - — en 
ately Other Substrates—It is of interest to compare the oxidation of AHP with 


f the )} that of other substrates attacked by the cream enzyme. Therefore, with 
The | the same enzyme preparation, the oxidation of xanthine, xanthopterin, 
sbitor | and AHP was measured in 0.1 m phosphate buffer at pH 6.8. Since xan- 
This thine is not measurably fluorescent with present instruments, it was diffi- 
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cult to work with sufficiently low substrate concentrations to evaluate the 
Michaelis-Menten constant. However, by using absorption cells with 
10 em. light path, it was possible to measure the oxidation with 1.2 x 10- 
M substrate, which gave a submaximal rate and therefore permitted cal- 
culation of the constant. 


The different dissociation constants and maximal velocities are of in- 


terest (Tables III and IV). The observed values agree with the findings 
of Hofstee who estimated that the dissociation constants for xanthine and 
xanthopterin were of the order of 10-* m, and that the xanthine constant 
was about 10 times larger than that of xanthopterin (11). If these oxida- 
tions are all effected by the same enzyme, then a single value should be 
obtained for the dissociation constant of the enzyme-inhibitor complex, 


TABLE IV 
Activity of Cream Enzyme toward Various Substrates; Inhibition by 6-Aldehyde 


S is 10-* mole per liter, V is moles per minute per mole of Er (turnover 
number), and all the other values are 10~* mole per liter. 











| ] | | } oy 
Substrate | (S) re | (Er)* | V | (ES) | (E) | (zi) (i) | Ki 
| | ] | / } 
— |—|— |__| a 
AHP (Ks = 340 X 107) 37.0| 0| 86 | 48 | 85.2| 0.79 
37.0 | 250 | 86 | 11.5 | 20.6) 0.19) 65 185 0.54 
Xanthopterin (Ks = 100X107) |43.0| 0 | $6 | 12.8 | 85.8) 0.20) 
43.0 | 250| 86| 6.6 | 44.2 0.10) 42 |208 0.51 
Xanthine (Ks = 90010) 43.0) 0 | 86 |234 84.2| 1.8 | | 
43.0 | 250 | 86 | 37.6 | 13.5, 0.27) 72 |178 )0.67 
11.22} 0} 25 | bo 


6-Aldehyde (Ks = 0.6 X 10° 35 | 1350 | 0.165 
(from K; above)) 





* Assuming moles of enzyme = 0.6 X moles of FAD of enzyme. 


K;. Tables III and IV indicate that within experimental limits the same 
dissociation constant is obtained for all three substrates. This strongly 
suggests that one enzyme is responsible for all three oxidations. Hofstee 
has concluded that xanthine and xanthopterin are oxidized by the same 
enzyme (11). 

Both Corran et al. (9) and Ball and Ramsdell (15) reported that milk or 
cream oxidase will oxidize reduced diphosphopyridine nucleotide (DPN). 
This substrate? was oxidized by the present enzyme preparation with a 
molar velocity only 3 or 4 per cent as great as that with xanthine. The 
oxidation of DPNH: was unaffected by concentrations of 6-aldehydepteri- 
dine which completely blocked xanthine or AHP oxidation. It therefore 


* The DPNH: was kindly supplied by Dr. F. Edmund Hunter. 
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seems likely that either two separate enzymes are involved or, as suggested 
by Corran et al. (9), that two separate active centers are present in the same | 
enzyme. 

The 6-aldehyde is itself slowly oxidized. If a small amount of the alde- 
hyde is allowed to remain with the enzyme, its inhibitory capacity is slowly 
destroyed, in agreement with Kalckar et al. (10). A total of 70 um of the 


6 - ALDEHYDE 





0.15 


0.10 


\ 
6-CARBOXYLIC ACID ; 


@----0 


OPT/CAL DENS/TY 


0.05|. ENZYME PRODUCT ! 
FROM 6-ALDEHYDE 3 


x x \ 





300. 340 380 
WAVE LENGTH MILLIMU 
Fig, 2. The absorption spectra of 2-amino-4-hydroxy-6-formylpteridine, 2- 
amino-4-hydroxy-6-carboxypteridine, and the product obtained by treatment of the 
aldehyde with cream enzyme. 


6 

6-aldehyde in 2 ml. of phosphate buffer of pH 6.8 was treated with an 
amount of the enzyme which contained 4.5 um of FAD. The reaction 
was followed by measuring the decrease in optical density at 310 mu. 
The reaction was. complete in about 2 hours. The final optical absorp- 
tion, after correction for the contribution of the enzyme, was identical 
with that of 2-amino-4-hydroxy-6-carboxylic acid (Fig. 2), proving that 
oxidation of the aldehyde group-had. occurred. The rate of oxidation of 
the aldehyde was a thousand. times slower than that of xanthine (Table 
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1V). The turnover number was calculated to be 0.16; 7.¢., an average 
of 6 minutes would be required for 1 molecule of enzyme to oxidize | 
molecule of this substrate. It was found that, when a molar excess of 
the 6-aldehyde was mixed with the enzyme for a few minutes and AHP 
(or other substrate) was then added, the initial velocity of AHP oxida. 
tion was almost zero but increased during a 2 or 3 minute period to 4 
steady rate determined by the amount of inhibitor and substrate. Op 
the other hand, when AHP and the 6-aldehyde were mixed together, and 
the enzyme was added last, the initial rate was not discernibly inhibited, 
but the velocity fell during the first 2 or 3 minutes to the same steady rate 
observed when the AHP was the last addition. The delay in the develop. 
ment of inhibition is presumably due to the slowness of the reaction 
enzyme + inhibitor — enzyme-inhibitor when they are both present in 
such high dilution. The delay in “‘deinhibition” resulting from the addi- 
tion of the competing substrate AHP indicates that both the following re- 
actions are slow: enzyme-inhibitor — enzyme + inhibitor, and enzyme- 
inhibitor — enzyme + oxidized inhibitor. Thus the turnover time of 
the last reaction must be several minutes at least in support of the directly 
observed rate of conversion of the 6-aldehyde to the 6-carboxyl compound. 
The opportunity presented for direct study of these reactions would seem 
to merit more thorough investigation. 


DISCUSSION 


The existence of an inhibitor of purine oxidation, which is active in such 
low concentration as 10-® M, may not be without biological consequences. 
If the 6-aldehyde were to be released slowly from PGA in the tissues, it 
might tend to preserve hypoxanthine or adenine from oxidation. PGA 
is known to reduce or eliminate the adenine requirement of certain micro- 
organisms. Keith eé¢ al. have indeed shown that the xanthine oxidase 
activity of chick liver is increased 3-fold when the chicks are made deficient 
in PGA (16). 

It is rather remarkable that the dissociation constants for xanthine, 
AHP, xanthopterin, and the 6-aldehyde (900, 340, 100, and 0.6 X 107° m) 
are roughly proportional to the calculated turnover numbers (238, 48, 13, 
and 0.16, respectively). This may be fortuitous; however, the apparent 
dissociation constants actually describe the situation, 





(1 (3) 
E+S <——— ES —— E+ product 


in which monomolecular reactions (2) and (3) are inseparable unless the 
reactions (1) are known (17). If reactions (2) are slow compared to re- 


actions (3) (Case VI of Lineweaver and Burk (14)), then the apparent | 
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dissociation constants would indeed parallel the velocity of oxidation. 
One consequence of the above parallelism is that in spite of a 1000-fold 
range of oxidation velocity between these four substrates, all four sub- 
stances would be oxidized at about the same rate when present at concen- 
trations of 10-° m or less. 


SUMMARY 


|, 2-Amino-4-hydroxy-6-formylpteridine is a powerful inhibitor of the 
enzyme in cream which oxidizes xanthine, xanthopterin, and 2-amino-4- 
hydroxypteridine. The inhibitory constant appears to be the same rela- 
tive to all three oxidations. It is approximately 0.6 xX 10-° Mm. Thus 
with low substrate and low enzyme concentrations, 10~! y per ml. will 
produce appreciable inhibition. 

2. Because the amount of aldehyde inhibitor in actual combination with 
the enzyme is an appreciable fraction of the total added, it is possible to 
measure the combining proportions of enzyme and inhibitor and hence 
estimate the number of moles or equivalents of enzyme present. The 
amount of enzyme combining with 1 mole of aldehyde inhibitor contained 
not quite 2 moles of flavin-adenine dinucleotide. This might mean that 
about half of the flavin was inactive, or that 2 moles of flavin coenzyme 
were associated with each active center. 

3. The inhibitor itself was slowly oxidized to 2-amino-4-hydroxy-6- 
carboxylic acid. The turnover number for this reaction was about 0.16, 
compared to turnover numbers of 234, 48, and 13 observed for xanthine, 
2-amino-4-hydroxypteridine, and xanthopterin, respectively, as substrates. 
The slow turnover number for the aldehyde was confirmed by the lag 
period of several minutes for ‘‘deinhibition’’ when substrate was added to 
the enzyme after the inhibitor. 

4. The oxidation of reduced diphosphopyridine nucleotide by the enzyme 
from cream was not inhibited by the 6-aldehyde, and hence another active 
group or another enzyme is probably responsible for its oxidation. 
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PURIFICATION AND PROPERTIES OF DEHYDROPEPTIDASES* 


By JOSEPH SHACK 
(From the National Cancer Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, April 23, 1949) 


The discovery of an enzyme system that catalyzed the hydrolysis of 
dehydropeptides to ammonia and the corresponding amino and keto 
acids was reported in 1932 by Bergmann and Schleich (2). Greenstein 
and Leuthardt (3) have studied the distribution of dehydropeptidase 
activity in a variety of tissues, and from the finding that all of the tissues 
acted on glycyldehydroalanine (GdA) but only a few on chloroacetylde- 
hydroalanine (CdA), they postulated that there were at least two dehy- 
dropeptidases. The enzyme that hydrolyzed GdA was designated de- 
hydropeptidase I (DHP I) and the one that hydrolyzed CdA was 
called dehydropeptidase II (DHP II). 

There are reported in this paper methods for separation and purifica- 
tion of DHP I and DHP II from beef kidney, and studies of their speci- 
ficity and kinetic properties. Certain data bearing on the relation of 
these enzymes to those concerned with hydrolysis of the analogous satu- 
rated peptides are also presented. 


EXPERIMENTAL 


Assay of Dehydropeptidase Activity—Dehydropeptidase activity was 
assayed by spectrophotometric methods similar to that described by 
Carter and Greenstein (4). GdA was used as substrate for DHP I and 
CdA for DHP II in following the purifications. In the present study the 
reaction mixtures for routine assay of activity contained appropriate 
amounts of enzyme, and were 0.01 m in substrate and 0.04 m in borate 
buffer at pH 8.3. They were incubated at 37°; aliquots were removed at 
intervals and diluted twenty times with distilled water. The optical 
density of each sample was immediately measured at 250 mu by means 
of a Beckman spectrophotometer against the corresponding comparison 
blank. Under these conditions (with both crude extracts and purified 
preparations) the change of optical density with time is linear up to about 


*A preliminary account of some of these results was presented at the meeting 
of the American Association for Cancer Research, May, 1947 (1). 

t Present address, Laboratory of Experimental Oncology, National Cancer In- 
stitute, San Francisco 16, California. 

‘The author wishes to thank Dr. J. P. Greenstein for donating the substrates 
used in this investigation. 
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50 per cent hydrolysis, and the initial rates are proportional to enzymy 
concentration at rates up to about 50 per cent hydrolysis per } hour 

1 enzyme unit is here defined as the amount of enzyme causing hydrohy 
sis of 1 um of substrate per hour, and the specific activity A is given jn 
micromoles per hour per mg. of N by the ratio, units per mg. of enzyme 
N. Specific activities were calculated from the initial linear portions | 
time curves. The specific activity with respect to a given substrate js 
designated by a subscript (for example Agaa or Acaa). 

Separation by Differential Centrifugation—Carter and Greenstein (4 
have reported a 6-fold purification of DHP I from rabbit kidney, and 
Yudkin and Fruton (5) a several fold purification from rat kidney of the 
enzyme attacking glycyldehydrophenylalanine. In the present study 
attempts to purify DHP I by ethanol or salt fractionation yielded a prod- 
uct at most 5 to 7 times as active as the original extract, but the behavior 
of the material suggested that the enzyme might be associated with par- 
ticulate material. This was confirmed by differential centrifugation of 
fresh beef kidney homogenates. The pellet that formed on centrifugation 
at 2000 X g for 15 minutes had only slight activity. The pellet that 
formed on centrifugation at 20,000 X g for 2 hours contained approxi- 
mately 85 per cent of the DHP I activity of the original homogenate; 
practically all of the DHP II was found in the last supernatant. HEssen- 
tially identical results were found with rat kidney. It was immaterial 
whether the homogenates were prepared by grinding with sand or with 
the Waring blendor. By contrast 80 to 90 per cent of the DHP I of beef 
and rat liver and of primary rat hepatoma was found to remain in th 
last supernatant on differential centrifugation. These findings are paral- 
leled by the solubility of the activities in ethanol-water mixtures at —5 
when 0.3 volume of 95 per cent ethanol was added to each homogenat 
and the mixtures were filtered. In the case of liver and rat hepatoma 
about 85 per cent of the DHP I activity of the homogenate is found in 
the clear filtrate, but with kidney only 1 to 3 per cent is recovered in the 
filtrate. In every case DHP II was found to be soluble in the ethanol 
water mixture. 

These results indicate a difference in the state of aggregation of DHP 
I among various tissues. That of kidney is apparently associated with 
what Claude (6) has called the microsome fraction. A number of pro- 
cedures, including prolonged extraction, autolysis under toluene, freezing 
and thawing, and digestion by proteolytic enzymes, have been tried 
without success in attempts to free the activity from the particulate 
material. However, a 25-fold increase in specific activity was carried 
out by a procedure that combines differential centrifugation with partial 
digestion of the particulate material by trypsin. A typical preparation 
follows. 
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Purification of Dehydropeptidase I—Fresh beef kidney was freed of 
fat, ground several times in a meat grinder, and stirred mechanically for 
| hour at room temperature with 4 volumes of distilled water. The 
mixture was strained through cheese-cloth and centrifuged for 15 minutes 
at 3000 X g. The turbid supernatant (3.5 mg. of N per ml., Agaa = 269) 
was centrifuged for 1 hour at 15,000 r.p.m. in the Sharples centrifuge, 
and the precipitate was resuspended in 0.05 a NaHCO; (pH of suspension 
8.2). To 160 ml. of the suspension (0.64 mg. of N per ml., Aga, = 507; 
51,900 total units of DHP I) was added about 0.5 mg. of crystalline tryp- 
sin. The amount of trypsin in the aliquots of the preparation that were 
used for assay was found to have no measurable action on any of the sub- 
strates studied in this investigation. On standing at room temperature 
a visible clarification of the suspension occurred; after 6 hours it was di- 
alyzed for 12 hours against cold distilled water. The preparation now 
contained 59,000 units of DHP I (0.37 mg. of N per ml., Agaa = 992). 
Solid NaHCO; to pH 7.8 and 0.5 mg. of trypsin were added; after stand- 
ing for 6 hours the mixture was dialyzed as before for 12 hours. The 
suspension, which contained 98,600 units of DHP I (0.24 mg. of N per 
ml., Agaa = 2560), was now centrifuged at 20,000 X g for 2 hours at 2°. 
The pellet was suspended in 35 ml. of distilled water. This suspension 
contained 69,000 units of DHP I and 0.34 mg. of N per ml.; its Agga was 
5750. It was light tan in color and somewhat turbid. When the suspen- 
sion was stored without preservative in the refrigerator, the activity was 
stable for months. No further increase in activity could be achieved by 
repetition of the above procedures. 

In several instances a considerable increase in total units of DHP I 
activity as well as in specific activity resulted from the action of trypsin 
on the particulate matter. Whether this is due to an activation, to de- 
struction of an inhibitor, or to increase of surface area is not yet clear. 

Purification of Dehydropeptidase II—The hydrolysis of GdA by beef 
kidney extracts is about 200 times as rapid as that of CdA, Agaa ranging 
from about 175 to 300, Acaa from 0.8 to 2.0. However, preparations of 
DHP II, which are over 1000 times as active per mg. of N as the original 
extract toward CdA and almost free of action on GdA, have been made 
by ethanol fractionation at low temperatures. The procedure follows; 
ethanol was added as 60 per cent ethanol, and the temperature at each 
stage was kept close to the freezing point of the solution. 

Beef kidney is freed of fat, ground several times in a meat grinder, 
stirred mechanically for 1 hour with several volumes of distilled water, 
and strained through gauze. The ethanol concentration is brought to 
\7 per cent, and after 12 hours the precipitate is collected in the Sharples 
centrifuge and discarded. The supernatant contains about 24 per cent 
of the protein, only 1 per cent of the DHP I activity, but practically all 
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of the DHP II activity of the original extract. The pH of the solution 
is brought to 5.6 with N acetic acid and after 12 hours the bulky precipi- 
tate is removed in the Sharples centrifuge.2. The supernatant is now 
clarified by addition of Celite and filtration. The pH of the solution is 
brought to 4.9 with Nn acetic acid, and after 24 hours the slight precipitate 
is collected in the Sharples centrifuge. This precipitate contains about 
60 per cent of the total units of DHP II of the original extract; in several 
different preparations the Acg, at this stage ranged between 72 and 116, 

The above precipitate is suspended in water (protein concentration 
about 0.2 per cent) and the pH is adjusted to7.0 with0.1 N NaOH. After 
stirring for 1 hour insoluble material is removed by filtration. The etha- 
nol concentration is brought to 17 per cent, and the pH to 5.5 with 0.1 
N acetic acid; after 12 hours the precipitate is removed in the centrifuge. 
The pH of the supernatant is now adjusted to 4.9 with 0.1 N acetic acid. 
The active precipitate is collected in the centrifuge after 24 hours and 
again treated by the procedure of this paragraph. Three or four such 
precipitations yield a product with a specific activity close to 1000, but 
no significant increase in purity has been achieved by further repetition. 
Recovery at this stage is about 15 per cent of the activity of the original 
extract. Such a preparation has been used for many of the kinetic studies 
described below. 

For further purification a 0.5 per cent solution of material with an Acq, 
of around 1000 is dialyzed against 0.02 m acetate buffer of pH 4.9 for 12 
hours. A small amount of flocculent precipitate is removed by centrifu- 
gation. On standing an increasing turbidity develops, and microscopic 
examination has shown the presence of what appear to be very minute 
plates. After 2 days the active precipitate is collected by centrifugation. 
The most active material made by this procedure (DHP II, Preparation 
X) had a specific activity of 2540, and neither repetition of the dialysis 
nor any other procedure tried so far has increased this value. This prep- 
aration was found to be homogeneous in the ultracentrifuge. It is esti- 
mated on the basis of a 1000-fold purification that beef kidney contains 
approximately 30 mg. of DHP !1 per kilo of fresh tissue. 

Kinetic Propertics—In Fig. i are shown the pH-activity curves of DHP 
I and DHP II. The sharp optimum at pH 8.3 of DHP I is in contrast 
to the broad zone of activity of DHP II. Yudkin and Fruton (5) have 
reported that the pH optimum for the action of rat kidney dehydropep- 
tidase on glycyldehydrophenylalanine is at pH 8.0. The author, in 
agreement with Yudkin and Friton (5), did not find the marked inhibi- 

? The pH values of the 17 per cent ethanol solutions refer to those measured al 


room temperature on aliquots diluted with distilled water to ethanol concentrations 
of 5 per cent, 
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tion of dehydropeptidase activity by phosphate that was reported by 
Carter and Greenstein (4). 

Fig. 2 shows the dependence of rate on concentration of substrate. 
The Michaelis-Menten constants are estimated to be 1.4 X 107° m for 
DHP I and 2.5 & 10-* m for DHP II. 

At low substrate concentrations the action of DHP I on GdA and of 
DHP II on CdA closely followed the kinetics of first order reactions to 
practically complete hydrolysis. This is shown in Table I. The 





MICROMOLES PER HOUR 














re) l | | 1 l fe) 
5 6 7 8 9 10 uN 
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Fig, 1. pll-activity curves of dehydropeptidases I and II. Ordinate values on 
left for DHP I per 0.0012 mg. of enzyme nitrogen; values on right for DHP IE per 
0.01 mg. of enzyme nitrogen. O and @, borate; V, carbonate; A and A, phos- 
phate; 0, acetate buffers; all 0.04 m; temperature 37°. 


kinetics of hydrolysis of these aliphatic substrates contrast with those 
reported for glycyldehydrophenylalanine by Yudkin and Fruton (5), 
who found that the initial rate followed the kinetics of a first order reac- 
tion, but that the first order velocity constants decreased after about 35 
per cent hydrolysis, and that the rate was negligibly slow after 65 per 
cent hydrolysis. We have observed results similar to theirs with DHP I 
and glycyldehydrophenylalanine. An explanation for the differences 
may be found in our earlier report (7) that the hydrolysis of glycyldehy- 
drophenylalanine occurs in two steps that can be differentiated by the 
spectrophotometric method, the first step being enzymatic, the second 
involving the spontaneous breakdown of an intermediate. 
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Fia. 2. Dependence of action of dehydropeptidases I and II on substrate con 
centration. Ordinates, initial rates in micromoles of substrate hydrolyzed per hou: 
per mg. of enzyme nitrogen; values on left for DHP I and GdA; values on right 
for DHP II and CdA. Abscissa, initial concentration of substrate in micromoles 
per ml. of reaction mixture. Temperature 37°; pH 8.3; 0.04 m borate buffers 





TaBLeE | 
Kinetics of Action of Dehydropeptidases I and II at Low Substrate Concentrations 











System F] — kx 1e) System | ‘ . — kX 10 
min. | per cent | min. | per cent 
GdA 0.0005 m, 5 | 10.5 | 1.05 | CdA 0.0005 m, 0.007 | 10 | 25.6 1.27 
0.00072 mg. DHF | 10 | 20.2;0.98| mg.DHP II nitro- | 20 | 44.0; 1.27 
Initrogen perml.; | 20 | 36.1 | 0.97 gen perml].;D, = , 30 | 60.0 | 1.338 
D, = 1.48, D: = | 30 | 49.3 | 0.98 | 1.33, De = 0.10 40 | 69.5 | 1.27 
0.14 40 | 59.1 | 0.97 | 60 | 85.5 | 1.37 
60 | 74.5 | 0.99 90 | 95.2 | 1.45 
90 | 87.0 | 0.98 | 
135 | 94.5 | 0.93 
180 | 97.4 | 0.88 











D; = optical density of the solution at t = 0; D; = optical density after complet 
hydrolysis. Solutions at pH 8.3, 0.02 m borate buffers. Temperature 37 

k = first order reaction constant according to k = 1/t log (100/(100 — per cent 
hydrolysis)). 


Action of Inhibitors—Bergmann ‘and Schleich (2) found that dehydro- 
peptidase was inhibited by cyanide. Yudkin and Fruton (5) have re 
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ported that hydrolysis of glycyldehydrophenylalanine by a rat kidney 
preparation was inhibited by cyanide, cysteine, and hydrogen sulfide. 

The effect of various inhibitors on our preparations of DHP I and DHP 
II has been tested. Neither was inhibited by 0.02 m sodium azide, 0.02 
m potassium iodide, or 0.02 m sodium fluoride. Both are completely 
inhibited by 0.002 m sodium cyanide and by 0.02 m sodium thioglycolate. 
However, 0.02 m sodium iodoacetate completely inhibits DHP II but is 
without effect on DHP I. 

Preliminary studies on the relation of the degree of inhibition by cya- 
nide or iodoacetate to the concentration of the inhibitor resulted in first 
order sigmoidal curves suggestive of reversible equilibria.? The reversi- 
bility of these inhibitions has been shown by dialysis experiments. The 
inhibitors were added to solutions of the enzymes to concentrations of 
0.1 m and the solutions were then dialyzed against distilled water. The 
inhibition of both enzymes by cyanide and by thioglycolate and of DHP 
II by iodoacetate proved to be reversible, since the original activities were 
restored to within a few per cent on removal of the inhibitors by dialysis. 

It may be that these inhibitions are due to involvement of a metal in 
dehydropeptidase activity. Such an involvement has been suggested by 
Yudkin and Fruton (5) and they have reported (8) that their preparation 
was partially inactivated by long dialysis against demineralized water, 
the activity being restored by addition of zine chloride. With our prepa- 
rations, neither long dialysis against distilled water nor against 0.01 m 
cyanide followed by distilled water led to any significant decrease of 
activity; however, no special precautions had been taken to free the dis- 
tilled water of traces of metals. 

Studies of competitive inhibition have also shown that the action of 


DHP I on GdA is not measurably inhibited by CdA, nor that of DHP II 
on CdA by GdA. 
Specificity of Dehydropeptidases 

Action on Dehydropeptides—The action of typical preparations of 
DHP I and DHP II on a series of dehydropeptides, all with a free termi- 
nal carboxyl group, is summarized in Table II. 

DHP I acts on only three of the compounds, all of which have a free 
amino group @ to the susceptible bond. The specific activities with re- 
spect to these three substrates are all about 25 times those of crude beef 
kidney extract. However, because of the association of the activities 
with particulate material, it cannot be assumed that the three substrates 
are hydrolyzed by a single enzyme, even though no appreciable separa- 
tion has been made by the purification procedures. 


* Unpublished data of the author. 
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It is seen from Table II that DHP II rapidly hydrolyzes acetyldehy- 
droalanine as well as CdA. Inasmuch as the ratio of these activities did 
not change significantly during the purification and was constant for sey- 
eral preparations, it is likely that both substrates are attacked by the 
same enzyme. This is also indicated by a mixed substrate experiment 
in which the hydrolysis: of a mixture of CdA and acetyldehydroalanine 
(both 0.01 m)-by DHP II was measured both spectrophotometrically 
and by production of ammonia. The over-all rate was not the sum, but 
close to an average, of the separate rates. 


TABLE II 
Action of Dehydropeptidases I and II on Dehydropeptides 


Specific activity* 





Substrate 
Seas: a as Dehydropeptids se 
Glycyldehydroalanine............ ; 5750 180 
Glycyldehydrophenylalanine....... 2610 0 
pi-Alanyldehydroalanine.......... 3900t 138t 
Chloroacetyldehydroalanine............... : 17 2380 
Chloroacetyldehydrophenylalanine. . Pe 0 0 
pi-e-Chloropropionyldehydroalanine 0 0) 
Acetyldehydroalanine. . 0 1560 
Acetyldehydrophenylalanine...... 0 () 
Acetyldehydroleucine........... ; 0) 0 
Acetyldehydrotyrosine.............. Pt, POR cide 0 0 


* Specific activities in micromoles of substrate hydrolyzed per hour per mg. of 
enzyme N in 0.04 m borate buffer at pH 8.3 and 37°. Substrates 0.01 m (racemi 
substrates 0.02 m). 

¢ Only one optical component hydrolyzed. 


In addition, DHP II possessed a small but definite capacity to hydrolyze 
GdA and pt-alanyldehydroalanine. Whether these low residual activi- 
ties are due to a slight contamination by DHP I or to a degree of cross- 
specificity remains an open question at present. However, were they due 
to contamination by DHP I, a measurable action on glycyldehydro- 
phenylalanine would be expected unless DHP I were multiple and the 
purification procedures had completely eliminated from DHP II only 
that component specific for glycyldehydrophenylalanine. 

Action on Analogous Saturated Peptides—In view of the rapid hydrolysis 
by tissue extracts of glycyl-pt-alanine (GA) (9, 10) and chloroacetyl-p1- 
alanine (CA) (11), it was considered of interest to determine whether 
preparations of DHP I arid DHP II attacked these peptides. Dr. Price 
had assayed two of the partially purified preparations and found that 
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the DHP T had some action on GA, and that the DHP II hydrolyzed CA 
far more rapidly than it hydrolyzed CdA.4 We have assayed some of 
the more highly purified preparations and found similar results. 

The hydrolysis of GA and CA was assayed by measuring the increase 
of carboxyl groups by the Linderstr@m-Lang acetone titration. The 
reaction mixtures were 0.125 M in substrate and 0.05 m in borate buffer 
at pH 8.3. Specific activities were calculated from initial portions of 
time curves as micromoles of substrate hydrolyzed per hour per mg. of 
enzyme N. ‘Typical results at 37° are presented in Table III, which also 
includes data for crude beef kidney extracts as well as the values of Agaa 
and Acga for the same preparations. 


TaB_eE III 
Action of Dehydropeptidases I and II on Analogous Dehydropeptides and Peptides 


| 
| Specific activity* 
| 
Substrate | 


Crude beef Dehydro- | Dehydro- 
kidney extract peptidase I peptidase II 

Glycyldehydroalanine.................... 230 4200 180 
Glycyl-pL-alanine ele 5300t 3260t 25, 000t 

Chloroacetyldehydroalanine.......... r5 15 2,380 
Chloroacetyl-pui-alanine................ 520t 75t 208 , 000 


* All specific activities in micromoles of substrate hydrolyzed per hour per mg. 
of enzyme N under conditions described in the text. 

+ Both optical components hydrolyzed. 

t Only one optical component hydrolyzed. 


Table III shows that Aga and Aca of purified DHP I are both less than 
the corresponding values of the crude tissue, whereas Agga is increased 
20-fold. 

In the case of DHP II, Aga is about 5 times that of the crude extract, but 
both Aca and Acga are at least several hundred times as high as in the orig- 
inal tissue. The action of several different preparations of DHP II of 
varying degrees of purity on CA and CdA has been assayed; in every case 
the ratio Aca:Acga Was found to be close to 90 (+3). Typical pairs of 
values of Aca and Acga respectively for five different preparations were 
21,160 and 245; 33,000 and 354; 95,500 and 1065; 208,000 and 2380; 230,000 
and 2540. In addition, the ratio remained essentially constant during a 
given isolation from the first precipitation at pH 4.9 through the final step. 
Such a correspondence raises the question of whether these two substrates 
are hydrolyzed by a single enzyme that has a multiple specificity, or by two 
separate enzymes that have very closely similar physicochemical prop- 


‘Price, V. E., personal communication. 
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erties. Further information on this point was sought through sedimenta 
tion and electrophoresis of DHP IIL preparations. 

Ultracentrifugal Analysis of DHP I1—A solution of DHP IL (Preparation 
X, Acaa = 2540, Acy = 230,000) was examined in the Spinco? electrically 


6 As is shown in Fig. 3, the material sedimented ag 


driven ultracentrifuge. 
a single component with a sedimentation constant (Seow) of 4.9. In the 
absence of diffusion data the exact molecular weight cannot be calculated, 
but it is estimated to approximate that of serum albumin (12). With a 


value of 70,000, the turnover numbers of the preparation have been calcu- 





Fig. 3. Sedimentation pattern of DHP Il in acetate buffer. pH 5.6; ionic strength 
(0.05 in sodium acetate, 0.10 in NaCl. Protein concentration 0.70 per cent. Speed 
59,900 R.p.M. Photograph taken 80 minutes after reaching full speed. 7, meniscus; 
B, bottom of cell. 


lated as 495 for CdA and 45,000 for CA (in moles of substrate hydrolyzed 
per mole of enzyme per minute at 37°). 

Electrophoresis of DHP I1—It was not possible to examine electrophoret- 
ically a sample of DHP II of the highest purity, owing to the small amount 
of such material available. Consequently, a preparation with an Acaa ol 
1065 and an Ac, of 95,500 was used in an electrophoretic sampling experl- 
ment; a 0.75 per cent solution of this material in borate buffer at pH 8.68 
(ionic strength 0.02 in sodium borate, 0.08 in NaCl) was examined. ‘The 

5 Specialized Instruments Corporation, Belmont, California. 


6 The author is indebted to Dr. Gerson Kegeles for carrying out the elect rophoreti 
and ultracentrifugal runs. 
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isoelectric point of DHP II is estimated from minimum solubility to be 
around 4.9. The electrophoretic pattern showed a single sharp peak corre- 
sponding to a mobility at 1° of —5.84 cm.’ sec.“ volt, and also a small 
amount of faster moving components that were estimated to comprise less 
than 5 per cent of the total protein. After 133 minutes of electrolysis 
(potential gradient 4.25 volts per cm.), 2 ml. of solution were removed by 
a capillary from the center of the main peak on the descending side. This 
aliquot had a protein concentration of 0.068 per cent; its Aca, was 1000 and 
its Aca 100,500. The close agreement of these values with those of the 
solution before electrophoresis indicates that the activities of DHP II 
toward CdA and CA are associated with the same electrophoretic compo- 
nent. 


DISCUSSION 


It is evident from Table II that DHP I and DHP II are distinct enzymes 
with quite different specificities. In addition, differences in the state of 
aggregation, kinetic properties, pH optima, and inhibition were also found. 

The parallelism between the capacity of. preparations of DHP II to 
hydrolyze CdA and CA, as well as evidence from sedimentation and electro- 
phoresis, has raised the question of whether these two substrates are hydro- 
lyzed by a single enzyme that has a multiple specificity. Other examples 
of what appears to be multiple specificity have been reported for xanthine 
oxidase (13), chymotrypsin (14), L-amino acid oxidase (15), and trypsin 
(16). Studies on DHP II are not yet sufficiently extensive to determine 
conclusively whether we are in this case dealing with a single enzyme or 
with a mixture of two enzymes that have almost identical physicochemical 
properties. In any case, the method described for purification of the activ- 
ity toward CdA also achieves a several hundred fold purification of the 
activity toward CA, and, should the preparation prove to be a mixture, it 
will serve as the source of a very highly active peptidase as well as of a 
dehydropeptidase if methods of separation are found. This problem is 
being investigated, and it is expected that additional kinetic studies as well 


as attempts at further fractionation will provide more evidence on the 
question. 


SUMMARY 


l. Two distinct dehydropeptidases have been isolated from beef kidney. 
Dehydropeptidase I was found to be associated with particulate material, 
and a 25-fold purification was carried out by a method that combined 
differential centrifugation and partial digestion of the particles by trypsin. 
A method involving ethanol fractionation at low temperatures has been 
described by which preparations of debydropeptidase IL with specific 
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activities over 1000 times that of the crude tissue extract have been made. 
The purest dehydropeptidase II was homogeneous with respect to sedi. 
mentation in the ultracentrifuge. 

2. Dehydropeptidase I acts on glycyldehydroalanine and certain other 
dehydropeptides that have an a-amino group. Dehydropeptidase I] js 
specific toward acetyl- and chloroacetyldehydroalanine. 

3. Various kinetic properties of the two enzymes have been compared, 
Dehydropeptidase I has a sharp optimum of activity at pH 8.3. Dehydro. 
peptidase II exhibits a broad zone of activity with a maximum at pH 97. 
Both enzymes are inhibited by cyanide and by thioglycolate, and dehydro- 
peptidase II by iodoacetate as well. These inhibitions are completely 
reversed on removal of the inhibitors by dialysis. 

4. Data on the action of the dehydropeptidase preparations on glycy!- 
pL-alanine and chloroacetyl-p.-alanine are presented. A close correspond- 
ence was found between the capacity of dehydropeptidase II to hydrolyze 
chloroacetyldehydroalanine and chloroacetyl-pL-alanine, and the question 
of whether these two compounds may be hydrolyzed by a single enzyme 
with a mutiple specificity was discussed. 
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MUTANT STRAINS OF ESCHERICHIA COLI UNABLE TO 
SYNTHESIZE p-AMINOBENZOIC ACID 


By J. O. LAMPEN,* M. J. JONES, anp R. R. ROEPKE 


(From the Chemotherapy Division, Stamford Research Laboratories, American 
Cyanamid Company, Stamford, Connecticut) 


(Received for publication, March 28, 1949) 


Among the growth factor-requiring strains of Escherichia coli obtained 
in this Laboratory by x-ray treatment or prolonged serial transfer (1, 2) 
were three strains which grew when p-aminobenzoic acid (PABA) was 
added to the basal medium. The importance of PABA in the metabolism 
of microorganisms was first indicated when Woods (3) reported that the 
bacteriostatic action of the sulfonamides is competitively antagonized by 
the addition of PABA. Rubbo et al. (4) soon found Clostridium aceto- 
butylicum requires the addition of PABA for growth, and a number of other 
organisms were subsequently reported to require PABA (see Peterson and 
Peterson (5) for references). Mutant strains which require PABA were 
obtained after irradiation with x-rays of the fungi Neurospora (6) and 
Ophiostoma (7). In addition, PABA is a part of the pteroylglutamic acid 
(folic acid) molecule (8), and the synthesis of pteroylglutamic acid from 
PABA by certain enterococci and lactobacilli has been reported (9, 10) to 
be inhibited by sulfonamides. It was therefore of interest to study the 
growth requirements of these mutants and especially to investigate the 
activity of various compounds related to PABA. 

Most of the experiments reported in this communication were performed 
with mutant 273-384. Some data obtained with mutants 1861-460 and 
45-462 are presented as well. A preliminary report of a portion of this 
work has previously been published (11). 


Procedures 


The mutant strains were produced and isolated by the general methods 
previously employed (1, 2). Mutant 273-384 was isolated from a single 
colony culture of E. coli irradiated at 40 kv. and 20 ma. by use of a copper 
turget for 4 hours during growth in Difco A. C. broth at 30°... Mutants 
1861-460 and 45-462 were isolated from resting cell suspensions irradiated 
at 40 kv. and 20 ma. for 2 hours at 12-15°. 


*Present address, Department of Microbiology, School of Medicine, Western 
Reserve University, Cleveland, Ohio. 

‘Mutant 273-384 can be obtained from the American Type Culture Collection as 
No, 9723a, and the parent strain of EZ. coli as No. 9723. 
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The general bacteriological techniques employed have been described 
previously (12). The basal, synthetic medium was that of MacLeod (13) 
with the following composition (per liter): NaCl 5.0 gm., (NH;,).SO, 4.72 
gm., KH:PO, 2.72 gm., glucose 2.0 gm., asparagine 2.0 gm., and 1.7 mg. 
each of FeCh, MgCl, and CaCl. The medium was adjusted to pH 7.0 
to 7.1 with NaOH, | Unless otherwise stated all supplements were sterilized 
by autoclaving with the basal medium. 

The amino acid mixture used for supplementation of the basal medium 
was essentially that of Hac, Snell, and Williams (14). However, the pz 
forms of leucine, lysine, and aspartic acid were used instead of the natural 
materials.. A stock solution was prepared containing, per ml., 8 mg. of 
DL-aspartic acid, 2 mg. each of the other pu acids, 10 mg. of L-glutamic 
acid, and 1 mg. each of the other Lt acids. This solution, as prepared from 
commercial amino acids, contained traces of PABA. This was removed 
by adsorption at pH 3.5 with 1 gm. of Darco G-60 per 100 ml. The puri- 
fied material is subsequently termed amino acid supplement. The purine 
supplement consists of 5 y each of adenine, guanine, and xanthine per ml. 
of final medium. 


Results 


Response of Mutant 273-384 to PABA under Various Conditions—The 
addition of PABA to the synthetic basal medium is sufficient to support 
good growth of the mutant strain. In the presence of excess PABA (0.1 
y per ml.) the turbidity attained by the mutant at 16 hours of incubation 
equals that attained by the parent strain of H. coli. However, the response 
of mutant 273-384 to limiting concentrations of PABA is increased very 
markedly by the addition of a mixture of amino acids and purines to the 
basal medium (Table I).. In the absence of the amino acids the addition 
of. the individual purines delayed growth, although with either guanine or 
xanthine the final turbidity was greater. In the presence of the amino 
acids any one of the purines stimulated growth. Uracil and cytosine were 
inactive. The stimulation observed with the entire amino acid supple- 
ment could often be duplicated by the addition of pL-methionine alone. 
This compound also prevented the growth inhibition by the purines. 
However, the growth of the mutant has generally been better when the 
entire mixture was present and this has customarily been used. Also 5 7 
per ml. each of adenine, guanine, and xanthine were generally added in- 
stead of a single purine. The concentration of PABA at which half maxi- 
mal growth occurred at 16 hours was 0.0012 y per ml. on the unsupple- 
mented medium. This requirement was reduced to 0.0005 y per ml. by 
the addition of the amino acid supplement and to 0.0001 y by the fur 
ther addition of the purine supplement. The rate of growth and final 
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turbidity reached by the mutant in the presence of the amino acid and 
purine supplements and excess PABA (0.1 y per ml.) were approximately 
the same as those obtained under identical conditions with the parent 
strain of FE. coli. 

Wyss, Lilly, and Leonian (15) reported that the concentration of added 
PABA required for the growth of an aminobenzoicless mutant of Neurospora 
crassa decreased as the pH of the medium decreased. They concluded that 
this organism was permeable only to the un-ionized form of the acid. We 

















TABLE I 
Effect of Amino Acids and Purines on Response of Mutant 273-884 to p-Aminobenzoic 
Acid 
NE Additions to basal medium 
tt aa 
None | 9-001 7 PABA | supplement® + 
: | at | | per ml. | 0.00008 y PABA 
Compound | Additions per ml. | per ml. 
| i. i Turbidity readingst = 
_ (average of duplicate tubes) vn 
| 16 hrs. | 16 hrs. | 64 hrs. | 16 hrs. | 64 hrs. 
None....... arent, pep: }o}a}6| 5] 8B 
Adenine (A)......... meee | | © | \O8] 101) aaei oe 
Guanine (G)... | 10“ eo ; 37 15 23 
Xanthine (X). | 1oO* 0; 12 | 3 27 39 
Hypoxanthine . 10 ‘* | O } O |} 22 | 18 28 
Uracil..... a O | 22 | 2% 5 5 
Cytosine..... ; 10 “ | 0 24 | 23 4 6 
A+G+xX : 5‘‘ (Each) | 0 | 10 | 32 28 35 
pi-Methionine....... ee yf | O | 388 | 8&1 5 5 
Amino acid supplement | 0.02 ml. | 4 | 39 43 | 
“ “ ‘6 i ae | 0.02 *§ | 
> eee re | -5y(Each) | 6 .| 74 | 72 | 


*0.02 ml. per ml. 
{1 unit is equivalent to 13.4 million cells of 2. coli per ml. (cf. (12)). 


tested the effect of the acidity of the medium on the response of mutant 
273-384 to PABA. In experiments with the unsupplemented basal me- 
dium the concentration of PABA required did not change markedly over 
the range of pH 5.2 to 7.2; however, growth was slower in the more acid 
media, The results obtained in the presence of the amino acid and purine 
supplements are illustrated in Fig. 1. . Citrate buffers were used in the 
experiments which are shown here. The response curve at pH 6.4 was 
essentially unchanged when M/30 phosphate buffer was substituted for the 
citrate. The results with phosphate buffers at pH 6.9 and 7.2 (pH 7.0 and 
7.5 before autoclaving) were similar to those at pH 6.4, although the tur- 
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bidity reached with excess PABA was somewhat greater in the more alka. 
line media. It can be seen from Fig. 1 that the sigmoid curve obtained 
at pH 6.4 and above was replaced by a more nearly linear curve at pH 5.7 
and 6.1. However, the concentration of PABA required for half maxima] 
growth remained approximately the same (about 0.0001 y per ml.). At 
pH 5.2 about 4 times as much PABA were required. These data offer no 
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Fig. 1. The effect of the pH of the medium on the response of mutant 283-384 
to p-aminobenzoic acid. The amino acid supplement (0.02 ml. per ml.), purine sup- 
plement, and m/30 sodium citrate were present in all series. Aliquots of the medium 
were adjusted to pH 5.0, 5.5, 6.0, and 6.5 before autoclaving. In uninoculated con- 
trol tubes of the four series the pH was 5.2, 5.7, 6.1, and 6.4, respectively, after auto- 
claving. 


positive support for the idea that the mutant is permeable only to the 
un-ionized form of PABA. 

We have also attempted to obtain a more linear response curve at pH 7.0 
by the addition to the medium of a trace element mixture (16), 10:7 
of xanthopterin per ml., or 0.1 y of pteroylglutamic acid per ml., or by 
doubling the concentration of all of the constituents of the medium. None 
of these additions altered the shape of the response curve. 

Activity of Compounds Related to PABA—The ability of mutant 273-384 
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to utilize compounds related to or containing PABA is indicated by the 
data of Table II. Amino acids and purines were added to the medium to 
increase the sensitivity of the test. Inactive compounds included benzoic 


TaBe II 
Activity of Compounds Related to p-Aminobenzoic Acid* 








Compound | Conctaton ei fo 
¥ per mil. 
p-Aminobenzoic acid (PABA) : 0.00011 
Benzoic acid§. candi tere Tr >1000 
eer ee Peet TTeeee ca > 1000 
o-Aminobenzoic acid§.. .................... >1000 
m-Aminobenzoic ‘* §.. wd sate silt Se .| 700 
p-Hydroxybenzoic acid§....................... .| > 1000 
p-Aminophenylacetic acid§........................ | 50 
UII Fc ins con vis die c@unendaseasscee ses 25 
2-Amino-5-carboxypyrimidine§..........................! >1000 
2-Amino-5-carboxythiazole§................... Seren > 1000 
SE re er ee eae Pe Pye pie veel > 1000 
p-Aminobenzoylglutamic acid. ...... Re ee 0.08 
Glutamic acid polypeptide of PABA vf oF 10 
Pteroic acid.......... ag ide .| 0.0015 
Pteroylglutamic acid ih Sintra “a 2.0 
Pteroyltriglutamie acid d 1.0 
I iscsos ig hs ss ace aae s caged wea .| 40 (Ca.) 











* The amino acid supplement (0.02 ml. per ml.) and the purine supplement were 
present in all tubes. The medium was initially adjusted to pH 7.0. When neces- 
sary, solutions of the materials tested were neutralized with NaOH before addition 
to the medium. 

t The glutamic acid polypeptide of PABA was furnished by Dr. 8. Ratner of New 
York University and the pteroyl compounds by Dr. B. L. Hutchings and Dr. E. L. 
R. Stokstad of the Lederle Laboratories Division, American Cyanamid Company. 
The other materials were in general prepared in the Chemical Laboratories of the 
Chemotherapy Division, Stamford Research Laboratories, American Cyanamid 
Company. We wish to express our gratitude to these people. 

{ The criterion of growth was turbidity readings at 24 hours. 

§ These compounds were tested over a range of 0.001 to 1000 y per ml. both in the 
presence and absence of 0.0001 y of PABA per ml. Only benzoic acid was inhibitory 
within this range. Growth was delayed for 16 hours in the presence of 1000 of 
benzoic acid per ml. but the final growth obtained (40 hours) was not affected. 


acid, aniline, o-aminobenzoic acid, p-hydroxybenzoic acid, and the pyrimi- 
dine and thiazole analogues of PABA. Tatum and Beadle (6) observed 
that an aminobenzoicless mutant of Neurospora crassa grew slowly in the 
presence of pimelic acid. Our mutant strain of Z. coli did not attain vis- 
ible turbidity with added pimelic acid. The slight activity observed with 
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m-aminobenzoic acid, p-aminophenylacetic acid, and p-aminohippuric acid 
could well be due to contamination with traces of PABA. This probably 
holds as well for p-aminobenzoylglutamic acid, which has only 0.14 per 
cent of the activity of PABA. The'sample of pteroic acid contained, as 
an impurity, 6 per cent of free arylamine (calculated as PABA) and pos- 
sessed about 7 per cent of the activity of PABA. Pteroylglutamic acid 
was less than 0.01 per cent as active as PABA. This sample contained 
0.2 per cent of free arylamine (as p-aminobenzoylglutamic acid). There 


TABLE III 
Response of Mutant 273-384 to p-Aminobenzoic Acid and to Thymine 





Additions to basal medium* 


a Purine Amino acid | Amino acid + 
Compound “ supplement | supplementt — 


supplements 
Turbidity readings 


16 hrs. , 64 hrs.| 16 hrs. | 64 hrs. | 16 hrs. | 64 hrs. | 16 hrs. | 64 hrs. 


p-Amino- 0.0005 | 15 | 21 4 25 32 34 50 53 
benzoic 0.01 | 56 | 74 | 68 | 7 | 69 | 74 | 81 | 78 
acid 

Thymine 0.1 0 0 2 3 I 7 

| 1.0 0; O 0 0 7 2: 3 11 
3.0 0 0 0 0 2| 5 1 | 2% 
10 2 1 4 sia s 
30 Lek ll 0 0 6 10 144 «45 
100 0 2 11 15 | 53 | 56 
300 2 5 0 0 7 ll 63 | 67 
1000 0 1 0 | O 2 4 27 37 
3000 0 0 0 0 { 5 8 | 15 


* Initially adjusted to pH 7.0. 
+ 0.02 ml. per ml. 


is, therefore, no proof that pteroic acid or pteroylglutamic acid is utilized 
by the mutant strain. 

The response of the mutant to thymine was investigated in more detail 
(Table III). Thymine is practically inactive alone or in the presence of 
purines. Light growth occurred in the presence of the amino acids and 
thymine. The organism was carried through five transfers on this medium. 
A combination of the amino acids, purines, and thymine effectively re- 
placed PABA. During ten transfers with this combination (30 y of thy- 
mine per ml.) the turbidity obtained increased about 50 per cent. In the 
experiment shown in Table III the combination supported almost the same 
turbidity as did excess PABA; however, in some experiments the turbidity 
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obtained with these supplements has not exceeded half maximum. Con- 
centrations of thymine above 300 y per ml. appear to be toxic. 

We then determined which purines and amino acids were required for 
growth in the presence of thymine. When thymine and the amino acid 
supplement were present, the addition of any one of the four purines per- 
mitted growth (Table IV). Uracil, cytosine, and xanthopterin were unable 
to replace the purines. Methionine was an essential component of the 
amino acid mixture (Table V); however, the addition of methionine alone 
produced only delayed, submaximal growth. In the presence of methio- 
nine, the addition singly of glycine, serine, threonine, lysine, histidine, or 
tyrosine was stimulatory. Addition of the other amino acids of the mix- 


TABLE IV 


Response of Mutant 273-384 to Purines and Related Compounds in Presence of Amino 
Acids and Thymine 


Medium adjusted to pl] 7.0. 30 y of thymine per ml. and amino acid supplement 
(0.02 ml. per ml.) in all tubes. 


Addin I ai Leaner 
y per ml. 
None. 10 7 
Adenine (A) 10 43 
Guanine (G).. 10 48 
Xanthine (X).. 10 47 
Hypoxanthine. . 10 46 
Uraeil (U).. 10 5 
Cytosine.... ~2 2 10 8 
Xanthopterin. . . 10 8 
ASG +X + U 5 (ach) 51 


* Readings essentially unchanged at 64 hours. 


ture singly did not increase the response to methionine. In subsequent 
tests the growth with a combination of the seven amino acids listed in 
Table V has equaled that obtained with the entire mixture. 

It was observed that the mutant could utilize homocystine in place of 
methionine in the presence of the other amino acids, thymine, and the pu- 
rines; however, the final turbidity reached was less than one-half of that 
with methionine. The relative activity of homocystine and methionine is 
similar to that previously observed with certain methionine-requiring 
mutants of #. coli (12, 17). 

Sensitivity of Mutant 273-384 to Sulfonamides—The growth of mutant 
273-384 with PABA, either in the unsupplemented basal medium or in the 
presence of amino acids and purines, was inhibited by the addition of sul- 
fonamides (Table V1). ‘This inhibition was antagonized by increasing the 
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concentration of PABA. Pteroylglutamic acid at a concentration of 100 y 
per ml. did not possess any demonstrable antisulfonamide activity on either 
medium when tested alone or in the presence of sufficient PABA to yield 
partial antagonism. When the combination of amino acids, purines, and 
thymine was present, the organism attained one-half to two-thirds maxima] 


TABLE V 
Response of Mutant 273-384 to Amino Acids in Presence of Purines and Thymine 


Medium adjusted to pH 7.0. 30 y of thymine per ml. and purine supplement in 
all tubes. 





Turbidity 








voor Additions per ml. readings 
No. bs ————— 
| 16 hrs. | 64 brs. 
I | None | | O 0 
Amino acid supplement | 0.02 ml.|; 50 49 
“ sé “ | 0.02 ** | 2 6 
| pt-Methionine | ly | 5 | 2% 
| | 40 ‘* a 16 
| | 100 “ 5 | 19 
| pt-Methionine | 10“ 
+ glycine | ti a 39 
| + DL-serine 40 ‘‘ | 23 32 
+ p.i-threonine : «ao | 25 39 
+ pL-lysine a** 25 28 
+ x-histidine | 20“ iS | 2% 
+ L-tyrosine } 20 ‘ | 2 27 
II | Amino acid supplement* 0.02 ml.| 2 4 
~~  ™ ? + 10 y pi-methionine | | 20 | 42 
per ml. 
| Amino acid supplement* + 50 y pu-methionine | 21 4} 
per ml. 
| Amino acid supplement* + 50 y pL-homocystinet | | 8 18 
| per ml. | 
Amino acid supplement* + 100 y pL-homocys- | | 81 17 


tine per ml. 





* Methionine omitted. 
+ General Biochemicals, Inc.; recrystallized once from water. 


turbidity within 24 hours even in the presence of 1280 y of sulfanilamide 
or sulfadiazine per ml. Growth was delayed, however, and the final tur- 
bidity in the presence of the higher sulfonamide concentrations was sub- 
optimal. 

Nutritional Variation of Mutant 273-384—This mutant occasionally grew 
on the 2nd or 3rd day of incubation in media lacking one or more of the 
essential supplements (thymine, purines, and amino acids). Certain o 
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these cultures were purified by plating on A. C. agar (Difco); the single 
colony cultures thus obtained were transferred ten times under the original 
conditions and single colony cultures again isolated. The growth require- 
ments of these variants will be summarized briefly. (The concentrations 
used were PABA 0.02 y per ml., purines and pyrimidines 10 y of each per 
ml., and the amino acids as in the report of Roepke et al. (1).) 


TaBLeE VI 


Concentrations of Sulfonamides Necessary to Inhibit Growth of Mutant 273-384 in 
Presence of Various Supplements* 


Additions to 
































| Minima! effective concentration 
basal medium | | of sulfonamidet 
| 
PABA Amino } amie | Others Sulfonamide | | | 
supple- supple- | | 16 hrs. 24 hrs. | 64 hrs. 
mentt ment | | | 
> per ml. + per ml. y per ml, | ¥ per ml. |y per ml. 
0.02} -— | — | Sulfanil- | 2.5 | 10 | 20 
amide | | 
0.0002; + | + | ” | 6§ | 20 40 
+ | + | Thymine, 100 " 1-1280§|1280 [1280 
0.0002; + | + | Sulfa- | 0.04 | 0.08! 0.3 
diazine | 
0.02 + | + : | 3 | 3 10 
i | +)|+ z | 100 | 
0.02 + | + | Pteroylglutamic acid, « =. a we 
| 100 
| + | + | Thymine, 100 | . | 160-1280§|1280 {1280 








* Medium initially adjusted to pH 7.0. 

¢ 0.02 ml. per ml. 

t Concentration required for balf maximal inhibition; 7.e., for reduction of the 
turbidity at a given time to one-half of that obtained in contro] tubes. 

§ Approximately half maximal inhibition was observed over the indicated sul- 
fonamide range. 


Strain T grew only in the presence of either PABA or thymine. Strain 
LD-3 grew either with PABA or with a combination of amino acids and 
purines. The purine could be xanthine or, less effectively, adenine. In 
the presence of xanthine, delayed growth occurred with methionine, good 
growth with a combination of threonine, methionine, cystine, tryptophan, 
andarginine. Strain B-3 required either PABA or a combination of lysine, 
methionine, and adenine or xanthine. Strain C-2 was unable to grow in 
the presence of PABA but grew well when guanine or xanthine was added. 

The exact phenomena involved in these variations and their genetic basis 
are obscure at present. From x-rayed cell suspensions of FZ. coli we have 
obtained mutants which require the presence of purines or purines and 
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amino acids for growth but are unable to grow with PABA? These my 
tants generally can use any of the four purines, although with varying effi. 
ciency, and usually require several amino acids. These mutants resemble 
in their growth requirements the variant strains derived from mutant 
273-384. 

Studies with Mutants 45-462 and 1861-460—The nutritional requirements 
of mutant 45-462 were studied in detail and appear to be the same as 
those of mutant 273-384. The combination of thymine, a purine, and 
amino acids was again able to replace PABA. These mutants are cer- 
tainly very similar, if not identical. 

Mutant 1861-460 grew rapidly in the presence of PABA but was also 
able to grow slowly with methionine as the sole supplement. Turbidity was 
observed somewhat earlier when both methionine and the purines or the 
complete amino acid supplement was present; however, the growth with 
such combinations never equaled that observed with PABA. When the 
mutant was plated on A. C. agar and single colonies picked, all of the 
resulting cultures showed the same characteristics. Thus the strain does 
not appear to consist of a mixture of two types of cells but rather to be 
analogous to the variant strains of mutant 273-384 described earlier. 


DISCUSSION 


The experiments reported here provide additional evidence that PABA 
(or some derived form) functions in the synthesis of the purines and methio- 
nine and indicate a réle in the formation of thymine and of amino acids 
other than methionine. The fact that all three supplements are required 
with the unadapted mutant strain is good evidence that the activity of 
these materials is not due to contamination with PABA. It should be 
emphasized that the mutant, while able to grow in prolonged subculture 
with a combination of the three supplements, still grows at a suboptimal 
rate and generally does not attain the same maximal turbidity as in the 
presence of PABA. This phenomenon appears analogous to the half max- 
imal growth obtained with certain organisms if thymine and a purine are 
present in place of folic acid (18). 

Previous studies of mutant strains of EZ. coli (17, 19) have indicated that 
the conversion of cysteine S to the methionine S occurs by the same path- 
way as in Neurospora (20); 7.e., 


Cysteine — cystathionine — homocysteine — methionine 


Mutant 273-384 can utilize homocystine, although poorly, for growth in 
the absence of PABA but cannot utilize cystine (in the amino acid supple 
ment). This would suggest that PABA, in some form, is involved in the 


2 Roepke, R. R,, and Mercer, F. E., unpublished data. 


eysteir 
tion hi 
of eith 
added 


tion of 


is app 
appeal 
action. 

The 
appeal 
ganisir 
presen 
is able 
free of 
mide | 
Haan | 
antagc 
gluta 
may st 


By 1 
obtain 
mediut 
growth 
rines a 
maxim 
a puril 
quire 
Methic 
cannot 
that P 


5 Lat 

‘Wi 
pounds 
sulfona 
methior 
might | 
where i 
homoey 
sulfona: 


cysteing 


by Win 








ES 


be 


hat 
th- 





J. O. LAMPEN, M. J. JONES, AND R. R. ROEPKE 433 


eysteine — cystathionine — homocysteine series of reactions. ‘This ques- 
tion has been studied with mutants of EF. coli which require the addition 
of either homocystine or methionine for growth (12). While growth with 
added homocystine is slower than with added methionine, the concentra- 
tion of a sulfonamide required to produce half maximal inhibition of growth 
is approximately the same.* Thus the main action of PABA does not 
appear to be in the methylation of homocysteine but in some prior re- 
action." 

The inactivity of pteroylglutamic acid is surprising, since this compound 
appears to function in the synthesis of purines and thymine by other or- 
ganisms. Our parent strain of EZ. coli and mutant 273-384 (growing in the 
presence of 0.01 7 of PABA per ml.) both synthesize some material which 
is able to support maximal growth of Streptococcus faecalis R on a medium 
free of pteroylglutamiec acid. Miller (22) has demonstrated that sulfanila- 
mide inhibits the synthesis of folic acid by E. coli; also Winkler and de 
Haan (21) have observed that pteroylglutamic acid can act as a sulfonamide 
antagonist for their strain of E. coli. Thus a compound similar to pteroyl- 
glutamic acid, but not necessarily identical with it, occurs in F. coli and 
may still be concerned in the syntheses discussed here. 


SUMMARY 


By irradiation of Escherichia colt with x-rays three mutant strains were 
obtained which grew when p-aminobenzoic acid (PABA) was added to the 
medium. The ability of a series of compounds related to PABA to support 
growth of mutant 273-384 is reported. The addition of a mixture of pu- 
rines and amino acids reduces the concentration of PABA required for half 
maximal growth. PABA can be replaced by a combination of amino acids, 
a purine, and thymine, although growth is not optimal. The purine re- 
quirement can be supplied as adenine, guanine, xanthine, or hypoxanthine. 
Methionine is an essential component of the amino acid supplement but 
cannot replace the entire mixture. The data provide additional evidence 
that PABA functions in FZ. coli in the synthesis of purines and methionine 


*Lampen, J. O., and Jones, M. J., unpublished data. 

‘Winkler and de Haan (21) have recently studied the ability of many of the eom- 
pounds used here to antagonize the inhibition of HZ. coli by high concentrations of 
sulfonamides. They report that homocysteine with or without choline did not replace 
methionine as an antagonist. One explanation of this difference from our results 
might be that PABA functions in methionine synthesis at two points; 7.e., some- 
where in the cysteine + homocysteine series of reactions and in the methylation of 
homocysteine, the first reaction being inhibited by much lower concentrations of 
sulfonamide than is the second. We have also observed that the growth with homo- 
tysteine is slow and thus may have been missed with the short incubation period used 
by Winkler and de Haan. 
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and indicate a réle in the formation of thymine and of amino acids other 
than methionine. The point of action of PABA in the synthesis of methio- 
nine is discussed. 

Both mutant 273-384 and the parent strain of Z. coli are highly resistant 
to sulfonamides when growing in the presence of the purines, thymine, and 
a mixture of amino acids. 

Pteroylglutamic acid does not replace PABA for the growth of mutant 
273-384. 

Mutant 273-384 can give rise to variants which can grow with only two 
(or even one) of the three supplements it originally requires in the absence 
of PABA. Certain of these cultures eventually lose their ability to grow 
in the presence of PABA. 

Mutant 45-462 appears to be very similar to strain 273-384. Mutant 
1861-460 grows slowly in the presence of methionine alone and appears 
similar to the variant strains obtained from mutant 273-384. 
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THE EFFECT OF THE IONIC ENVIRONMENT ON THE 
SYNTHESIS OF GLYCOGEN FROM GLUCOSE IN 
RAT LIVER SLICES 


By JOHN M. BUCHANAN,* A. BAIRD HASTINGS, anp 
FRANCES B. NESBETT 


(From the Department of Biological Chemistry, Harvard Medical School, Boston) 
(Received for publication, April 9, 1949) 


The effect of the ionic environment of the incubating medium upon 
glycogen formation by liver slices was first reported by Ostern, Herbert, 
and Holmes (1). Using rabbit liver slices, they found that, aerobically, 
calcium stimulated glycogen formation in a modified Ringer’s medium 
containing 1 per cent glucose. Addition of phosphate to this medium 
resulted in a decrease in glycogen synthesis. 

The effect of calcium on glycogenesis by rabbit liver slices has been 
confirmed in this laboratory. In agreement with other investigators, 
however, little glycogen synthesis from glucose could be obtained in the 
presence of rat liver slices incubated in a calcium-containing Ringer’s 
solution. In experiments previously reported, a medium simulating the 
cationic composition of the intracellular fluid, z.e. high in potassium and 
magnesium, was found to promote glycogenesis by rat liver slices (2). 

Since the publication of these preliminary experiments, the ionic compo- 
sition of the incubating medium has been systematically varied in order 
to determine the rédle which different inorganic ions play in glycogen syn- 
thesis from glucose by rat liver slices. It is the purpose of this communi- 
cation to report these experiments. 


EXPERIMENTAL 


Rats were fasted for a period of 18 hours prior to the experiment. Ani- 
mals were killed by a blow on the head and decapitated to exsanguinate 
their tissues. The liver was removed and the blood quickly washed away. 
Slices were cut about 300 to 500 w thick and washed in their appropriate 
salt solution (pH 7.5) which was equilibrated with 5 per cent COs-95 per 
cent O. at room temperature. The slices were collected on filter paper 
and about 300 to 500 mg. of tissue were placed in each of several 25 
ml. Erlenmeyer flasks containing 2 ml. of experimental medium. These 
experimental media were in all cases approximately osmolar in respect to 
ionie composition. When added, glucose was present in concentrations 


*Present address, Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia. 
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of 1 percent. The pH values of the media were determined by the method 
of Hastings and Sendroy (3). 

The vessels containing the tissue were placed in a bath at 38° and 
equilibrated with 5 per cent CO,-95 per cent O: for the first 5 to 10 min- 
utes of shaking. The vessels were then closed and incubation of the tis. 
sues continued for 1 hour. At the end of this time, 1 ml. of 80 per cent 
KOH was added and the vessels heated on a steam bath until their con- 
tents were homogeneous. The solution was then transferred to a 15 
ml. graduated centrifuge tube and made up to a 5 ml. volume. | mi, 
was taken for total phosphorus determination according to the method of 
Fiske and Subbarow (4). The remaining 4 ml. were used for glycogen 
determination, according to the method of Good, Kramer, and Somogyi 
(5), as modified by Sjégren et al. (6). Standard glucose solutions were 
made up in | M sodium sulfate in order to contain the same amount of salt 
as the unknown sugar samples from the hydrolyzed glycogen. Glycogen 
values are expressed in terms of their glucose equivalents, glucose being 
determined by the Folin method (7). The glycogen content of liver 
slices is reported in mg. of glycogen glucose per gm. of liver wet weight. 

It was found convenient to estimate the wet weight of the liver slices 
from total phosphorus determinations. The value, 1 mg. of total phos- 
phorus equals 250 mg. of wet weight of rat liver, has been used in the 
calculations. This figure was obtained by determining the total phos- 
phorus content of unsliced pieces of liver. The initial glycogen and 
phosphorus contents of the liver were determined before incubation in 
order to provide a basis for comparison. 

Since the magnesium and calcium concentrations in the presence of 
bicarbonate (40 mm per liter, pH 7.5) in these solutions exceeded the solu- 
bility product of calcium and magnesium carbonate, addition of the 
reagents in the preparation of the media was made in a definite order. 
Magnesium or calcium was added first as the chloride or carbonate, fol- 
lowed by hydrochloric acid, which was added next to make the solutions 
definitely acid. These solutions were neutralized by the addition of the 
proper amount of potassium or sodium bicarbonate. All media were 
equilibrated with 5 per cent CO»:-95 per cent O.. No significant pre- 
cipitation of CaCO; occurred in supersaturated solutions containing il 
addition to glucose 10 mm per liter of calcium ions and 40 ma per liter ol 


bicarbonate at pH 7.5 for a period of 4 hours after preparation of the | 


media. 
Results 


Factors Involved in Glycogen Synthesis by Rat Liver Slices 


Prior to a detailed investigation of the effect of individual ions on gly- 
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cogenesis, the effects of several other factors in glycogen synthesis were 
determined. 

Concentration of Substrate—In. confirmation of the work of others (1) 
it was found that glycogen was not formed from glucose in optimal amounts 
until a concentration of 1 per cent glucose was reached. Preliminary 
experiments with concentrations higher than 1 per cent did not yield con- 
clusive evidence that there was any advantage in raising the concentration 
of glucose above this value. 

Duration of Experiment—It was found that glycogen formation from 
glucose takes place most rapidly during the 1st hour of incubation. In 
view of this fact, the following experiments in this paper were limited to 
an incubation period of 1 hour. 


TABLE I 
Effect of pH on Glycogen Synthesis by Rat Liver Slices 
All the solutions contained 1 per cent glucose, 20 mm per liter of Mg**t, 130 mu 
per liter of K*, 170 ma per liter of total anions (CI- and HCO;-), and were equi- 


librated with 95 per cent O:-5 per cent CO. Temperature, 38°, time of experiment, 
60 minutes. 





Glycogen 
HCOs~ concentration Initial pH Final pH ~ ial eA S| 
Present | Formed 
mM perl, mg. per gm. mg. per gm. 

10 6.88 6.90 Lid 0.6 

20 7.25 7.15 3.3 2.2 

40 7.50 7.45 3.8 2.7 

80 7.75 7.75 1.4 0.3 
Initial glycogen 1 





Effect of pH—Six experiments on the effect of pH on glycogen forma- 
tion from glucose were made. Solutions were prepared having a pH of 
6.88, 7.25, 7.50, and 7.75. After incubation of these solutions with 300 
to 400 mg. of liver slices for a period of 1 hour, the pH values of the media 
were respectively 6.90, 7.15, 7.45, and 7.75. In all cases except one, 
an optimal synthesis of glycogen was obtained by using a medium whose 
initial pH was 7.50. The data of u representative experiment are recorded 
in Table I. Since the range of pH for optimal glycogen formation from 
glucose is limited, the final pH of solutions was determined to insure that 
the pH of the medium had stayed within the optimal range during the 
course of the experiment. 

Influence of Individual Ions on Glycogen Synthesis from Glucose in Rat 
liver Slices—It is to be noted that the net accumulation of glycogen is 
the result of a balance between two opposing reactions, glycogenesis and 
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glycogenolysis. In the presence of 1 per cent glucose and suitable salt 
solution, this balance is in favor of the glycogen-forming reactions, pro. 
vided the initial glycogen content of the liver is not too high. In the 
absence of glucose in the incubating medium, however, there may result 
an over-all breakdown of the preformed glycogen stores of the liver slices, 
Glycogenesis is then best studied in the presence of glucose, and glycogen- 
olysis in its absence. 

“Intracellular” versus “Ringer’s” Solution—Before a detailed investigation 
of the effects of individual ions on the glycogenic and glycogenolytic proc. 
esses of the rat liver slice was carried out, a comparison was made of the 
ability of liver slices to synthesize glycogen in media, one of which was 
composed of “extracellular” ions (7.e., Ringer’s solution (Catt = 1, 
Mgt = 1, Nat = 152, K+ = 5, HCO;- = 40, Cl- = 121 mo per liter)) 
and the other a medium which simulated the “intracellular” cationic 
composition of the tissue fluids (Mg++ = 20, K+ = 130, Cl- = 130, 
HCO;- = 40 mm per liter). Initial concentrations of 40 mm per liter 
of HCO;- were reduced to 30 to 35 ma per liter after the addition of liver 
slices. 

A comparison of these two solutions for their ability to promote the 
formation of liver glycogen in vitro has been made with the realization 
that certain data on tissue composition are not available. In the first 
place, only a preliminary but not thoroughly adequate description of the 
ionic composition of the intracellular fluid is available. This is in contrast 
to our knowledge of the nature of the extracellular fluid. In view of the 
complexity of the anionic pattern of the intracellular fluid, it was practical 
at this time to study in detail only the effects of the intracellular cations. 
The two major intracellular cations are magnesium and potassium, which 
are present in quantities of 45 m.eq. per liter and 155 m.eq. per liter of 
cell water, respectively (8). There is no definite information given, how- 
ever, about the relative amounts of these ions which are present in ionic 
and non-ionic forms. This factor is undoubtedly important in the prep- 
aration of a truly intracellular medium, but, in view of the absence of 
exact knowledge on this point, no allowance has been made for it in the 
experiments to be described. The results of experiments with rat liver 
are reported in Fig. 1. As may be seen, there are several experiments 
(Nos. 4, 5, 6, 7, and 8) in which glycogen was synthesized from glucose 
in Ringer’s solution, but the increase of glycogen with the K-Mg medium 
was always greater. The average increase in glycogen when a glucose- 
Ringer’s solution was used was 0.5 mg. per gm. of tissue; with a glucose- 
intracellular solution, 1.7 mg. 

The questions of which cations were responsible for this difference in 
glycogen synthesis and of how variations in the concentrations of indi- 
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Effect of Sodium and Potassium. (a) Glycogenesis—In these experiments 
media were prepared which contained an unvaried pattern of anions and 
divalent cation. The variable constituent was the monovalent cation, 
one medium containing potassium and the other sodium. 

As can be seen from the data given in Table II, the nature of the mono- 
valent cation played a large réle in the glycogenic function of the liver 
slices. In each experiment, there was a marked increase in the glycogen 
formed by rat liver slices in the potassium medium over that in the go- 
dium medium. 

In order to investigate the possibility that the other cations of the me- 
dium could exert an influence on this potassium-sodium effect, these were 
varied independently. In two experiments not included in Table II 


TABLE II 


Effect of Sodium and Potassium Ions on Glycogenic and Glycogenolytic Activity 
of Rat Liver Slices Incubated in Presence and Absence of Glucose 


Composition of media, Mg**, 20 mm per liter; monovalent cations, 130 mm per 
liter; Cl-, 130 mo per liter; HCO;-, 40 mm per liter; pH 7.50; glucose, 1 per cent 
when present. 


Glucose present in medium Glucose absent in medium 


Monovalent 








: Time ee TEs * 
cation Glycogen Glycogen H Glycogen | Glycogen 
present formed present formed 
min. | mg. per gm. mg. per gm. mg. per gm. mg. per gm. 
Na | 0 2.0 2.0 
60 1 —0.3 0.6 —1.4 
K 0 2.0 2.0 
60 2.9 +0.9 | 1.6 —0.4 





calcium was substituted for magnesium, and in two other instances cal- 
cium and magnesium were used in place of magnesium alone. In none 
of these cases was the difference between the effects of potassium and s0- 
dium altered. 

(b) Glycogenolysis—There was also a marked difference in the rate of 
glycogenolysis by liver slices incubated for 1 hour in solutions contain- 
ing either potassium or sodium, without glucose. When preformed glyco- 
gen was present, it was readily broken down in the sodium (glucose- 
free) solution; but, in the presence of a potassium (glucose-free) medium, 
liver slices did not appreciably decrease their glycogen stores during the 
incubation period (Table. II). 

In an experiment in which half of the monovalent cation present was 
potassium (72 ma per liter) and the other half sodium (73 mm per liter) 
and in which calcium: was: initially present in a concentration of 10 mM 
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per liter synthesis of glycogen amounting to 1.1 mg. per gm. of tissue was 
obtained. This suggests that the sodium ion does not interfere with glyco- 
gen formation as long as the potassium ion concentration is sufficiently 
high in the extracellular medium to maintain a high intracellular concen- 
tration of potassium. 

Effect of Calcium and Magnesium As Source of Divalent Cation—The 
réle of divalent ions in glycogen formation from glucose by rat liver is 
shown in Fig. 2. When magnesium ions were added to the incubating 
solutions containing potassium ions as the cationic constituent, there 
was an increase in the amount of glycogen synthesized. It was difficult, 
however, to establish a magnesium concentration at which this increase 
in glycogen synthesis was optimal. Since, however, liver slices contain 
large amounts of intracellular magnesium which are retained by the tis- 
sue during preparation of the liver slice for incubation, one might expect 
that it would be difficult to show marked effects on glycogen synthesis by 
the addition of magnesium ions to the incubating medium. 

The addition of the extracellular cation, calcium, to the medium in 
optimal concentrations had a more pronounced effect on glycogen synthesis 
than did the addition of magnesium ions. Seven experiments in which 
calcium as well as potassium ions were included in the incubating medium 
are shown in Fig. 2. Initial calcium concentrations of 1, 5, and 10 mm 
per liter were used. There was a progressive increase in the glycogen 
formed with increasing calcium ion concentration. 

The initial calcium concentrations of 5 and 10 mm per liter in the pres- 
ence of 40 mm of bicarbonate at pH 7.5 were both greatly in excess of 
the concentrations which would exist in similar solutions where the cal- 
cium ions were in equilibrium with calcium carbonate. At equilibrium, 
the calcium ion concentration at 38° would be approximately 0.4 mm per 
liter. Analyses were made, therefore, to determine what the actual cal- 
cium concentrations were in the solutions during the experimental period. 
It was found that, when the initial calcium concentrations were 5 and 10 
mo per liter, the concentrations at the end of 75 minutes of incubation 
with liver tissue were 3.5 and 6.4 mm per liter, at the end of 140 minutes 
3.6 and 6.2 mm per liter, respectively. It is seen from these data, there- 
fore, that the solutions in which the liver was incubated were still highly 
supersaturated with respect to calcium carbonate at the end of the experi- 
ments. 

It is of interest to note that, when calcium is present in concentrations 
approximating physiological concentrations, it is not particularly effective 
in stimulating glycogen formation in rat liver slices. Only when present 
in considerably higher concentrations does it serve as an effective stimu- 
lant to the glycogenic reaction of the liver. 
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Effect of Inorganic Phosphate—Ostern, Herbert, and Holmes (1) have 
reported that glycogen synthesis from glucose by rabbit liver slices jn 
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Fic. 2. Effect of calcium concentration on glycogenesis by rat liver slices. Con- 
centration of ions in media expressed as mm per liter. X, Ca 10, K 150, Cl 130, 
HCO, 40, pH 7.5; @, Ca 5, K 160, Cl 130, HCO; 40, pH 7.5; O, Ca 1.5, K 167, Cl 13), 
HCO, 40, pH 7.5; and O, Ca0, K 170, Cl 130, HCO; 40, pH 7.5. Time of experiment, 
60 minutes; temperature, 38°. All the values above the diagonal line represent 
glycogen synthesis; those below, glycogenolysis. The solutions contained 1 per 
cent glucose. 


the presence of calcium ions can be reduced by addition of phosphate to 
the medium. They explained the réle of calcium by suggesting that if 
increased the permeability of the cell membrane to glucose. Phosphate 
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presumably exerted its effect by reducing the calcium ion concentration 
at the cell membrane. 

The results of Colowick and Sutherland (9), using purified enzymes to 
catalyze the reactions, glucose + ATP — glucose-6-phosphate — glucose- 
l-phosphate — glycogen + H;3PQ,, suggested that the phosphate effect 
of Ostern ef al. might have an alternative explanation. 

In order to achieve glycogen synthesis from glucose-6-phosphate, 
Colowick and Sutherland (9) added barium ions to reduce the concentra- 


TaBLeE III 
Effect of Anions, Phosphate, and Succinate, on Glycogen Formation from 
Glucose by Rat Liver Slices 


Kt = 130 mM per liter, HCO;- = 40 mm per liter; pH 7.5. The remaining anions 
were Cl-. 





No. of experi- Concentrations of media components 























ments included = a oe 
in average Succinate | Mg POs | Glucose | Total Formed 
| mM perl. | ma perl. mM per l. | per cent | min. mg. per gm. |mg. per gm. 
| | | 0 0.23 
5 20 0 | 0 | 60 0.20 
20 “2 2 eae 0.95 | 0.72 
20 ee 1.03 0.80 
20 20 1 60 1.06 0.83 
3 | 0 0.17 
Wi ,..] 0 0 60 0.20 
a 0 1 60 0.99 0.82 
10 20 1 60 0.94 0.77 
10 40 1 60 0.96 0.79 
2 0 0.67 
20 1 60 2.06 1.39 
87 20 1 60 1.26 0.59 
87 20 10 1 60 0.63 —0.04 




















tion of inorganic phosphate released by the formation of glycogen from 
glucose-1-phosphate. In these experiments, the barium ions shift the 
equilibrium toward glycogen formation by reducing the inorganic phos- 
phate concentration. This observation could well explain the effect of 
calcium on glycogen synthesis from glucose by liver slices and the effect 
of inorganic phosphate on this synthesis as reported by Ostern et al. (1). 

However, when we studied the effect of inorganic phosphate in experi- 
ments in which magnesium alone served as the source of divalent cation, 
no such reduction of glycogen synthesis with increasing phosphate con- 
centration was found (Table II). By reduction of the millimolar ratio of 
Magnesium to phosphate even to 1:4, such an effect as that reported for 
calcium by Ostern et al. (1) was not observed. 














444 GLYCOGEN SYNTHESIS FROM GLUCOSE 


A striking effect of inorganic phosphate could be observed, however, 
when glycogen was formed from glucose in the presence of succinate, a 
member of the tricarboxylic acid cycle. As shown in Table III, the addi- 
tion of inorganic phosphate in a K-Mg medium containing glucose did 
not affect the amount of glycogen formed. The addition of succinate, 
however, did reduce the rate of glycogenesis and, when inorganic phos- 
phate was added, glycogen formation was reduced to zero. 

It is improbable that the effect of succinate in reducing glycogen forma- 
tion from glucose was due to a reduction in the magnesium ion concen- 
tration. If this were the case, it would have been expected that inorganic 
phosphate, when present in concentrations of 40 mm per liter, would have 
produced a reduction of glycogen synthesis in media containing magnesium 
ion concentrations of 10 mm per liter. An alternative explanation of 
the effect of succinate is that it altered the metabolic pathway of glucose 
metabolism in liver tissue in the direction of glycogenolysis. This might 
occur in the following manner: 


glucose 
[ate 


ATP 
Glycogen <— glucose-6-phosphate -—-—— fructose-1,6-diphosphate 


Thus, the oxidation of succinate might result in an “over-phosphoryla- 
tion” of glucose (10, 11) in rat liver slices, reducing the concentration of 
glucose-6-phosphate by favoring the production of fructose-1 ,6-diphos- 
phate and its metabolic products to such an extent that glycogen forma- 
tion is inhibited. 


DISCUSSION 


It is interesting to compare the data on the affect of the ionic environ- 
ment on glycogen formation in liver slices and in diaphragm (12) and 
heart (13) muscle. In contrast to liver slices, Stadie and Zapp (12) have 
shown that the presence of potassium ions does not influence glycogen 
formation when present in amounts less than 75 per cent of the total 
cations. Above this concentration it is inhibitory. Likewise, the best 
effects of insulin on the stimulation of glycogen formation in diaphragm 
muscle were obtained in media lacking in potassium ions. Similar results 
were obtained by Stadie, Haugaard, and Perlmutter (13) using heart 
slices. In this tissue the optimal glycogen synthesis from glucose was 
obtained by using a medium low in ions but high in non-ionic substances 
such as L-arabinose, p-sorbitol, and p-mannitol. The use of this medium 
with liver slices caused glycogenolysis rather than glycogenesis. This 
may have been due to the low pH of the media used by Stadie et al. 
rather than to the ionic composition. 
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It is thus apparent that the ionic composition of a medium which causes 
optimal glycogen formation in one tissue will not necessarily do so in an- 
other. Studies on the synthesis of glycogen from both glucose and pyru- 
vate in liver slices have demonstrated, however, the essential réle of the 
jons Ca and K in both the glycogenic and glyconeogenic reactions of 
this tissue. 


SUMMARY 


Greater glycogen formation by rat liver slices from glucose occurred 
in a medium rich in potassium than in a medium rich in sodium ions. 
The presence of the divalent ion, calcium or magnesium, increases glyco- 
gen formation, the former being more effective than the latter. 

Phosphate had no effect on the rate of glycogen synthesis when magne- 
sium was the divalent cation of the medium. In the presence of suc- 
cinate, a member of the tricarboxylic acid cycle, the amount of glycogen 
was reduced, and the simultaneous inclusion of succinate and inorganic 
phosphate ions lowered the glycogen formation to zero. 

For the formation of glycogen from glucose by rat liver slices, the fol- 
lowing solution led to the greatest net increase in glycogen deposition: 
K+ = 145 mo per liter, Ca++ = 10 mm per liter, Cl- = 125 mm per liter, 
and HCO;- = 40 mo per liter, pH 7.5. Glucose was present in concen- 
trations of 1 per cent. 
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THE EFFECT OF THE IONIC ENVIRONMENT ON THE 
SYNTHESIS OF GLYCOGEN AND TOTAL 
CARBOHYDRATE FROM PYRUVATE 
IN LIVER SLICES 


By JOHN M. BUCHANAN,* A. BAIRD HASTINGS, anp 
FRANCES B. NESBETT 


(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, April 9, 1949) 


The synthesis of carbohydrate from pyruvate and lactate has been pre- 
viously studied in vitro in both liver and kidney slices (1-3). Studies 
of glycogen synthesis from substrates other than hexoses by tissue slices 
have been fewer and less detailed, however. Cross and Holmes (4) have 
demonstrated a small glycogen formation by liver slices from lactate and 
pyruvate with Ringer’s solution as the medium in which rabbit liver 
slices were incubated. These workers found that lactate was converted 
to glycogen by rabbit liver slices at the rate of 0.3 mg. of glycogen per gm. 
of tissue per hour, pyruvate at the rate of 0.5 mg. per gm. per hour. In 
view of the fact that the ionic composition of the nutrient medium plays 
such an important réle in glycogen formation from glucose (5), an investi- 
gation was made on the rdle of ions on glycogen and total carbohydrate 
formation from pyruvate in liver slices. 


EXPERIMENTAL 


Experiments were conducted in a manner identical with those de- 
scribed in the preceding paper (5). Total carbohydrate was determined 
according to the method of West et al. (6), as modified by Benoy and 
Elliott (7). pH determinations were made colorimetrically according 
to the method of Hastings and Sendroy (8). 


Results 
Effect of Ions on Total Carbohydrate Formation in Rat Liver Slices— 


' Since the effect of ions on glycogen synthesis from glucose had been studied 


with rat liver slices, rat liver tissue was used in preliminary experiments 


_ in which attempts were made to synthesize both carbohydrate and glyco- 





gen from pyruvate. 
| Although the synthesis of carbohydrate from pyruvate by liver slices 
incubated in the traditional Ringer’s solution could be readily confirmed, 
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it was found that variation of the nature and concentration of the ions 
of the nutrient medium had a great influence on the amount of carbo- 
hydrate formed. 

Comparison of Na and K As Monovalent Ion Source—In the first series 
of experiments two solutions were made up containing Ca + Na and 
Ca + K, and compared for their ability to promote carbohydrate syn- 
thesis in rat liver slices. The data from five experiments were averaged 
and recorded in Table I. In all the experiments approximately 3 times 
as much total carbohydrate was synthesized in a medium with sodium 
as the sole monovalent cation as was synthesized in a corresponding 
potassium medium. 


TaB_Le I 
Comparison of Effect of Na and K Ions on Synthesis of Carbohydrate 
from Pyruvate in Rat Liver Slices 
All the solutions contained Ca** at 10 mm per liter and either K* or Na* in con- 
centrations of 120 mm per liter; HCO;- = 40 mm per liter; pyruvate 40 ma per liter; 
38°; the data are the average of five experiments. 

















Total carbohydrate 
net * Time 
Present Formed 
min. mg. per gm. mg. per gm. 
Na 0 4.6 
120 13.2 8.6 
K 0 4.7 
120 7.6 2.9 

















E Comparison of Ca and Mg As Divalent Ion Source—From the data in 
Table II it is seen that a divalent ion is an essential constituent of the media 
used in the study of carbohydrate formation. Although magnesium 
ions in concentrations of 10 mm per liter stimulate total carbohydrate 
synthesis, calcium, when present in an equal concentration, is much more 
effective. 

Again it must be recalled that, in these experiments, one does not test 
whether magnesium is essential to the synthesis but whether it is neces- 
sary to add it to the environmental medium. A considerable amount of 
magnesium is present in the tissue itself, and perhaps is there in such 
amounts that additional magnesium from the medium has a less pro- 
nounced effect on carbohydrate synthesis from pyruvate by rat liver slices. 


Significant amounts of glycogen were not synthesized from pyruvate | 


in rat liver slices under the conditions of these experiments. In rabbit 
liver slices, however, both glycogen and carbohydrate were formed from 
pyruvate, provided the tissue was incubated in a suitable ionic medium. 
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In order to determine the efiect of ions on both these processes, experi- 
ments with rabbit liver slices were carried out. 

Synthesis of Glycogen and Carbohydrate in Rabbit Liver Slices—Prior 
to an investigation of the effect of inorganic ions on glycogen formation 


TaBLeE II 
Effect of Divalent Cations Ca and Mg on Carbohydrate Synthesis from 
Pyruvate in Rat Liver Slices 
All the solutions contained Na as the monovalent cation. HCO; = 40 mm 
per liter; pyruvate 40 ma per liter. The data are the average of three experiments. 


Divalent cations, when added to medium, are present in concentrations of 10 mm 
per liter. 














| Total carbohydrate 
Divalent cation Time 
Present | Formed 
=r) | min. mg. per em. | mg. per gm. 
| 0 10.8 
None 120 12.7 1.9 
Mg 120 14.8 4.0 
Ca 120 18.7 7.9 





Tase III 
Effect of pH on Glyconeogenesis from Pyruvate by Rabbit Liver Slices 
The media contained Ca**, 5 mm per liter; K+ = 105 mm per liter, Nat 60 mu 


per liter, pyruvate 60 mm per liter, HCO,- + Cl- 115 mm per liter. Equilibrated 
with 95 per cent oxygen-5 per cent CO,. Time, 90 minutes. 

















Experiment No. | oe. | Initial pH eT a 
Present Formed 
| ome per I. mg. per gm. | mg. per gm. 
1 10 6.88 7.17 4.3 3.7 
40 7.50 7.42 6.6 6.0 
80 7.75 7.65 3.0 2.4 
Control 0.6 
2 40 7.500 | 7.43 3.8 3.3 
80 7.75 7.76 } 2.6 2.1 
Control | 0.5 








from pyruvate, a study was made of the effect of pH, concentration of 
substrate, and duration of reaction. 

Effect of pH—In Table III are included the data of two experiments 
designed to test the pH at which the optimal rate of glycogen formation 
occurred from pyruvate. These experiments are only partially complete 
in view of the fact that, in several instances, there were significant changes 
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of pH after 2 hours incubation of the rabbit liver slices. Only those 
data obtained from experiments in which the pH was fairly well controlled 
have been included in Table III. The data show that lowering or rais- 
ing the pH significantly below or above 7.50 resulted in a decrease of 
glycogen formation from pyruvate. In many of the following experi- 
ments, pH determinations were made at the conclusion of the experi- 
ment to insure that effects observed were not attributable to pH changes 
of the media during incubation. 

Concentration of Substrate—Benoy and Elliott (7) have reported that 
the concentration of the substrates is a factor influencing carbohydrate 
synthesis. They obtained carbohydrate synthesis in rat liver and kidney 
with pyruvate and lactate concentrations of 20 and 41 mm per liter, re- 
spectively. Increasing the respective concentrations of these substrates 
to 100 and 200 mo per liter considerably reduced the synthesis of carbo- 
hydrate from these compounds. In our own experiments, it was demon- 
strated that greater glycogen formation occurred when the pyruvate 
concentration was 38 mm per liter than when it was 19 mo per liter. No 
significant difference was found upon raising the pyruvate concentration 
from 38 mm per liter to 75 mm per liter. 

Duration of Incubation—In one experiment, plotted in Fig. 1, the glyco- 
gen synthesis from pyruvate was followed for 90 minutes. Tissues were 
analyzed at intervals of 30 minutes, and the liver glycogen content plotted 
against time. Within the limits of error, glycogen formation appeared 
to be a linear function of the duration of the experiment. Likewise, in 
Experiment 2, where the reaction was allowed to proceed for 210 minutes, 
the same relation seemed to hold, indicating that the metabolic activity 
of the tissue continued unchanged for a substantial period of time. 

Effect of Ionic Environment on Glycogen and Total Carbohydrate Syn- 
thesis. Effect of Divalent Ions, Ca and Mg, on Glycogen Formation—The 
results of a typical experiment in which the réle of the divalent ion cal- 
cium was tested are shown in Table IV. The inclusion of calcium in the 
medium in concentrations of 10 mm per liter greatly stimulated glycogen 
formation by rabbit liver slices. Calcium was in many experiments 
equally effective at 5 mm per liter, but, if the concentration was lowered 
to 1 mm per liter, there was very little more synthesis of glycogen than 
in the control vessel without calcium. 

In contrast to calcium, magnesium had little stimulatory effect on glyco- 
gen synthesis from pyruvate. This is shown in Table IV. 

Effect of Sodium and Potassium on Total Carbohydrate and Glycogen 
Synthesis—In these experiments, a comparison was made of the ability 
of three media to stimulate the formation of both total carbohydrate and 
glycogen from pyruvate during a 2 hour experimental period. All three 
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FINAL GLYGOGEN 
(mg/gm tissue wet weight) 











o 30. 60 90 120 150 180 210 
Minutes 


Fic. 1. Performance of the glycogen-forming system with time. X represents 
the values of Experiment 1; O, those of Experiment 2. Composition of media 
(the values in terms of mm per liter): Experiment 1, Cat*+ = 5, K* 105, Nat 60, Cl- 75, 
HCO; 40, pyruvate 60; Experiment 2, Ca++ 10, K+ 105, Na* 60, Cl- 85, HCO;- 40, 
pyruvate 60. 


TaBLe IV 
Effect of Divalent Ions Ca and Mg on Glycogen Synthesis from Pyruvate 
in Rabbit Liver Slices 
When added, divalent ion is present in concentrations of 10 mm per liter. K+ 
= 100 mm per liter, Na* 58 mm per liter, HCO,~ 40 mm per liter, Cl- 80 mm per liter, 
pyruvate 58 mm per liter. Time, 120 minutes. 

















Glycogen 
Divalent ion eee aaa 

| Present Formed 

| mg. per gm. mg. per gm. 
Control, zero time...... iors tne’ emia 0.5 
Ma es egie 5 gid ie wee a cee 1.8 1.3 
a, Ha ae a's, cael gre pane h Olek TREC 2.2 1.7 
Te Pe ib ok 2 ER OVS 5.6 5.1 





media contained calcium in concentrations of 10 ma per liter, but varying 
amounts of sodium and potassium. The monovalent cation composition 
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of the three media was as follows: Solution 1, K = 145 mm per liter; 
Solution 2, Na = 145 mm per liter; and Solution 3, K = 73, Na = 72 
mo per liter. 

The values obtained in three different experiments have been averaged 
and recorded in Table V. As can be seen, Solution 3 containing both 
potassium and sodium and Solution 2 containing only sodium were equally 
effective in stimulating total carbohydrate synthesis. In contrast, in 
Solution 1, containing only potassium, considerably smaller amounts of 
total carbohydrate were formed. It is thus apparent that the sodium ion 
promotes total carbohydrate synthesis in rabbit as well as rat liver slices, 


TABLE V 
Effect of Sodium and Potassium on Synthesis of Glycogen and Total 
Carbohydrate from Pyruvate in Rabbit Liver Slices 
Composition of media: Ca**, 10 mm per liter, total monovalent cations, 145 mu 
per liter; HCO, = 40 mm per liter, Cl- 85 mm per liter, pyruvate 40 mm per liter; 
pH 7.5. Time, 120 minutes; 38°. 





| Glycogen | Total carbohy- 














sath Glycogen 
mg. per gm. mg. per gm. ah Fa a or 
SEE ork ee ee 1.1 5.8 19 
Final 
NE I 655 dhe 0: win vies tte oe 2.6 7.5 35 
Pyiy NS 6 Wa Vind «cube Hel 2.0 10.3 19 
UG BOs sec vedescovtws 4.4 9.9 44 
Increment 
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The potassium ions, however, have considerable influence on the type 
of total carbohydrate formed. In the rabbit tissue slices at zero time, 
glycogen is 19 per cent of the total carbohydrate present. After incuba- 
tion with pyruvate in the above three media containing K, Na, and K 
+ Na ions, the glycogen is respectively 35, 19, and 44 per cent of the total 
carbohydrate present in the tissue. Thus, although considerable total 
carbohydrate was formed in Solution 2, the ratio of glycogen to total 
carbohydrate remained the same as in the tissues before incubation. 
However, in solutions containing potassium ions, the proportion of glyco- 
gen to total carbohydrate of the liver slices was considerably increased. 

From the data herein presented, it may be concluded that the medium 
best suited for glycogen and carbohydrate synthesis in rabbit liver slices 
has the following ionic composition: Ca, 10 mm per liter; K, 73 mm per 
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liter; Na, 72 mm per liter; HCO;, 40 mm per liter; pyruvate 40, Cl, 85 
ma per liter, equilibrated with 95 per cent O.-5 per cent CO:, pH 7.5. 
In thirty-two experiments performed with this medium, in which the 
initial glycogen was 1.5 mg. per gm. of tissue or less, glycogen was syn- 
thesized from pyruvate at an average rate of 1.5 mg. per gm. of tissue 
wet weight per hour. This rate is 3 times greater than that reported by 
Cross and Holmes (4), the incubating medium being the usual Ringer’s 
solution. 


DISCUSSION 


Deane et al. (9) have reported a cytochemical study of the influence of 
sodium and potassium ions on glycogen formation in liver slices. They 
stained transverse sections of rabbit liver slices for glycogen before and 
after incubation in media of varying ionic composition and containing 
pyruvate as substrate. Before incubation, glycogen was distributed in 
a general manner over the transverse section. Regardless of the medium 
used, however, glycogen disappeared from the interior of the transverse 
section during incubation to an extent which depended on the initial 
glycogen content of the liver. When the initial content of glycogen was 
relatively low, glycogen disappeared entirely from the interior of the sec- 
tion, but there remained a rim of cells at the periphery in which glyco- 
gen was present. When liver slices were incubated in a medium contain- 
ing pyruvate and sodium ions, the glycogen was confined to a rim about 
eight cells in depth in which the distribution of glycogen was irregular. 
When potassium was included in the medium as well as pyruvate and so- 
dium, the rim of glycogen-containing cells was of regular distribution and 
extended toward the interior of the cell for a depth of about twelve cell 
layers. 

Further observations by Deane et al. showed that ‘at the center of 
the slice, where no glycogen was present, virtually all mitochondria had 
disappeared. These alterations in the mitochondria observed after in- 
cubation, especially their vesiculation, loss of chromophilia and ultimate 
disappearance, have been observed repeatedly in dying cells.” The 
degenerative processes of the interior cells were attributed to lack of 
oxygen and diffusible nutrients, both conditions which would lead to glyco- 
genolysis. It thus seems from these experiments that the anabolic reac- 
tions of the liver slice are confined to a layer of cells in the periphery of 
the liver slice. 

Recent experiments by Hastings and coworkers in which rabbit liver 
slices were incubated with pyruvate and C“O, have shown that, when the 
initial glycogen level is relatively low, the specific activity of the glycogen 
isolated was more or less the same regardless of the ionic composition of 
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the incubating medium (10). This is probably due to the fact that there 
is a disappearance of preformed non-isotopic glycogen at the interior of 
the slice and a synthesis of isotopic glycogen from CO, and pyruvate 
in the peripheral layers of cells. Thus, although the ionic medium does 
not appreciably influence the specific activity of the glycogen of a liver 
slice, it does affect the rate of synthesis of total carbohydrate and glyco. 
gen in the peripheral layers of cells. It is unknown whether the effects of 
ions are due to their preservation of normal intracellular enzymatic activity 
or to their action on specific enzyme systems of the glycogenic process, 
Regardless of the method of action, calcium probably stimulates both 
carbohydrate synthesis from pyruvate and glycogen formation from carbo- 
hydrate, since (1) the formation of non-glycogen carbohydrate in rat liver 
slices requires addition of calcium ions and (2) the synthesis of glycogen 
from glucose is dependent on the calcium concentration. 

Sodium and potassium seem to have more specific effects, however, 
Since addition of the sodium ions to the incubating media stimulates total 
carbohydrate formation 2- to 3-fold in both rat and rabbit liver slices, 
and since the addition of potassium ions does not particularly affect the 
rate of total carbohydrate formation, it may be concluded that sodium 
ions have a specific effect on the formation of non-glycogen carbohydrate 
from pyruvate in the peripheral layers of liver cells. However, the pres- 
ence of potassium ions greatly affects the composition of total carbohy- 
drate formed in the peripheral cells. In the absence of potassium ions, 
non-glycogen carbohydrate is the principal product formed (81 per cent 
of the total carbohydrate); in the presence of potassium ions, glycogen is 
a far larger proportion of the total carbohydrate content of the liver slice. 
Glycogen formed from pyruvate in the presence of potassium ions is 35 
to 44 per cent of the total carbohydrate of the entire liver slice, and prob- 
ably a much greater percentage of the total carbohydrate of the meta- 
bolically active peripheral layer of cells where the newly formed glycogen 
is localized. 

These results concerning glycogen synthesis from pyruvate in rabbit 
liver slices are in agreement with the studies on glycogen synthesis from 
glucose in rat liver. In this latter case, as in the present communication, 
the glycogenic and glycogenolytic processes of the liver slice were depen- 
dent on the presence or absence of potassium ions. 


SUMMARY 


It has been shown that the composition of the ionic environment of the 
nutrient medium of liver slices plays an important réle in the rate of syn- 
thesis of carbohydrate and glycogen from pyruvate. 

In rat liver slices carbohydrate, but not significant amounts of glycogen, 
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may be formed from pyruvate, provided that calcium and sodium ions 
are present in the incubating medium in relatively high concentrations. 

Rabbit liver slices, however, form both glycogen and non-glycogen 
carbohydrate from pyruvate. Calcium ions are apparently required in 
both reactions. Sodium ions again stimulate carbohydrate formation 
from pyruvate. Although potassium ions do not affect the amount of 
total carbohydrate formed, they do, however, affect the nature of carbo- 
hydrate synthesized. When potassium ions are absent, the main product 
is non-glycogen carbohydrate but in their presence a considerably greater 
proportion of glycogen is formed. 

Previous experiments are cited which indicate that the glycogenic 
reactions of the liver slice are confined to a layer of cells in the periphery 
of the liver slice. 
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Gasometric methods for estimating blood oxygen are time-consuming. 
This consideration often limits the number of observations which can be 
made in the course of experiments requiring oxygen determinations. 
In many cases it is an arteriovenous difference which is particularly 
desired, as in the measurement of cardiac output by the Fick principle, 
o the estimation of oxygen consumption by human liver, kidney, or 
brain. The present paper describes a rapid, simple spectrophotometric 
method for determination of arteriovenous oxygen differences with an 
securacy satisfactory for ordinary needs. The absolute oxygen content 
can also be estimated, subject to error caused by ‘“‘inactive” hemoglobin. 
The method is based upon the principle that two well hemolyzed samples 
of blood drawn nearly simultaneously from the same individual will have 
substantially the same total hemoglobin content, “inactive” hemoglobin 
(1), turbidity, and content of other light-absorbing material; and that, 
consequently, the difference in optical densities of the two samples at an 
appropriate wave-length will be proportional to the difference in oxyhemo- 
dobin concentration of the two samples. This hypothesis has been 
tested on samples of blood by comparison of differences in optical density 
with differences in oxygen content, determined gasometrically by the 
method of Van Slyke and Neill (2). 

The difference in absorption spectra of reduced and oxygenated hemo- 
globin has been the basis of several methods for determining per cent 
saturation of blood samples. Much of the basic work in this field was 


| done by Drabkin and his colleagues, who devised a special cell with a short 











light path, demonstrated the applicability of the Beer-Lambert law to 
concentrated solutions of hemoglobin and hemoglobin derivatives (3), 
and measured the per cent of oxygen saturation of undiluted arterial 
blood samples in man and of circulating arterial blood in the dog (4). 
Before Drabkin’s work Hall had developed a spectroscopic method for 
determination of per cent saturation of hemoglobin in dilute solutions 
5). This was later extended by the use of an ingenious tonometer to 
measurements of oxygen saturation in whole blood (6). Early work on 


*This work was supported by a grant from the Life Insurance Medical Research 
Fund. 
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this subject was also done by Kramer (7) and by Matthes (8). Thy 
Millikan oximeter is based on the same principle (9). Several methods 
in which photoelectric colorimeters are employed have been described 
Brinkman and Wildschut (10) constructed an instrument having a neon 
lamp to provide light, mostly in the range of 600 to 700 mu. Using g 
special cuvette with a short light path, they measured per cent of oxygen 
saturation in small samples of blood hemolyzed with saponin. The 
absorption of the sample was compared with its absorption after reduction 


by NaS.O,, a procedure used earlier by Drabkin. A similar method } 


was described by Jonxis (11), who used a different instrument and a mereury 
light source with maximum intensity at 436 mu. Von Issekutz (12) em. 
ployed a photoelectric colorimeter with a filter which provided light in 
the near infra-red range and diluted his samples with a relatively large 
volume of an oxygen-free aqueous solution of saponin and ammonia. After 
an initial reading the diluted sample was either oxygenated or was reduced 
by Na.S.O,, and the calculation of oxygen content made from the dif. 
ference in readings. Lowry et al. (13) made use of the Evelyn colorimeter 
with 490 and 620 my filters and a specially constructed cell with a short 
light path. Recently Groom et al. (14) has devised a method with a 
special photometer to make determinations on whole blood contained 
in transparent plastic tubing. 

In most of the methods previously described more or less specialized 
apparatus is required, particularly cuvettes with a short light path, and 
small samples of blood were employed. In the present method commer- 
cially available equipment and blood samples of 4 to 5 ec. are used. 


Equipment and Reagents 


1. A Beckman model DU spectrophotometer. The nominal wave- | 


length of 660 my was selected. When the instrument is properly focused 
and used as described, this requires a slit width of about 0.05 mm., result- 
ing in a spread of 1.5 my on either side of the nominal wave-length, ac- 
cording to the data submitted by the manufacturers. At this wave-length 





the extinction coefficient of reduced hemoglobin is approximately 6 times | 
that of oxyhemoglobin. We find the extinction coefficient of reduced | 


hemoglobin to be approximately 0.83 (concentration = 1 mm per liter, 
depth = 1 cm.) and that of oxyhemoglobin approximately 0.13. These 
results are in reasonable agreement with the curves published by Horecker 
(15). At this wave-length the 0.5 cm. cuvettes supplied by the manv- 
facturer provide a suitable light path for the density differences usually 
encountered. 

2. A 30 per cent aqueous solution of saponin, made up every other day 
and centrifuged to obtain a clear solution. Of the brands used, saponil 
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practical, Eastman Kodak Company) has given the most satisfactory 
results. The solution is neutralized to indicator paper by potassium 


| hydroxide. 


3. Mineral oil. 

4. Heparin solution, 10 mg. per ce. 

5. A 4 per cent aqueous solution of potassium ferricyanide. 

6. A5 per cent aqueous solution of potassium cyanide. 

7. Mercury. 

8. Glass syringes, Becton, Dickinson Luer-Lok, 2 cc. and 10 ec., assorted 
hypodermic needles, and syringe caps (soldered needle hubs). 


Procedure 


Blood samples of 4 to 5 ce. are drawn into oiled, heparinized,' 10 ee. 
luer-Lok syringes which are then capped with a soldered needle hub. 
After the volume is noted, mercury is added to assist mixing of blood and 
heparin, and the syringe is stored in ice water. At least one sample is 
taken for saturation in air and for total hemoglobin determination. If it 
is suspected that the hemoglobin concentration has changed during the 
procedure, samples for saturation and total hemoglobin are taken at ap- 
propriate times. 

When all samples have been collected, they are hemolyzed by 30 per 
cent saponin solution added in a volume equal to 20 per cent of the blood 
sample volume. This is conveniently done by removing the cap from 
the sample syringe, closing the nozzle by a tightly applied single thickness 
of longitudinally split rubber tubing, perforating the rubber with a needle 
attached to a 2 cc. syringe containing the saponin solution, and injecting 
the required amount of saponin into the sample syringe. The procedure 
is facilitated by working on a table top. The syringe is recapped and 
immediately shaken so that agitation of the contained mercury will 
thoroughly mix blood and saponin. Samples are transferred to the open 
0.5cem. cuvettes through a No. 19 needle attached to the syringe, bent at 
right angles to avoid injecting mercury from the bottom of the syringe 
and long enough to reach the bottom of the cuvette. Mineral oil is im- 
mediately layered over the blood. The density of each sample is read 
at 660 mu, with use of the saturated hemolyzed sample as a blank. 

The difference in oxygen content between the saturated sample and 
any other sample is obtained from the empirically determined formula 


Oxygen difference (vol. %) = 7.76 X optical density difference + 0.36 


Arteriovenous difference may be determined by subtracting saturation- 
arterial difference from saturationvenous difference, or found directly by 


Enough heparin solution is used to fill the dead space of the syringe. 
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measuring the density of the venous sample against that of the arterial 
sample and multiplying the optical density difference by the factor 7.76, 
The samples being compared must have the same hemoglobin content, 
but the arteriovenous difference so determined is otherwise independent 
of the hemoglobin content. 

The absolute oxygen content of each sample, if desired, may be esti- 
mated on the basis of total hemoglobin content, together with the dif. 
ference in oxygen content between the sample and the saturated blood, 
Total hemoglobin is determined by conversion to cyanmethemoglobin, 
essentially as described by Drabkin (16). 1 ec. of whole blood is added 
from an Ostwald-Folin pipette to approximately 150 cc. of distilled water 
in a 200 cc. volumetric flask. 4 cc. of 4 per cent K;Fe(CN). are added, 
followed after 20 minutes by 1 cc. of 5 per cent KCN. The solution is 
diluted to volume, and its density is read at 540 my in 1.0 cm. cuvettes 
against a reagent blank. Employing gasometrically determined oxygen 
capacity as a measure of hemoglobin concentration, Myers? has obtained 
in twelve subjects the value of 11.75 + 0.23 (standard deviation) for the 
extinction coefficient (concentration = 1 mm per liter, depth = 1.0 cm.) 
of cyanmethemoglobin at 540 my. With this value, oxygen capacity in 
volume per cent is obtained from the density reading of the diluted cyan- 
methemoglobin solution. 1 mm per liter of hemoglobin is equivalent to 
1.67 gm. per cent or to an oxygen capacity of 2.27 volumes per cent. The 
dilution of the sample is 1:200. Accordingly the oxygen capacity in 
volume per cent is obtained from the photometer reading by the expression 


optical density X 200 X 2.27 
11.75 





Oxygen capacity = = optical density X 38.7 

The oxygen contents of all the samples may now be estimated by sub- 
tracting from the oxygen capacity the oxygen difference between the 
saturated sample and the individual sample, as calculated from the 
difference in optical densities, 


Oxygen content = capacity (colorimetric) — (7.76 X density + 0.36) 


This determination of absolute oxygen content is subject to whatever 
error may have been introduced into the colorimetric determination of 
oxygen capacity by unusual quantities of inactive hemoglobin. The 
arteriovenous difference, however, is not so affected. In the determina- 
tion of this quantity by subtraction the value for capacity disappears. 
If the hemoglobin concentration of the subject is being changed during 
the course of a study, the drawing of each sample or set of samples should 
be accompanied by a further sample for saturation and colorimetric 


*Myers, J D., unpublished observations. 
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oxygen capacity. The above procedure for oxygen content is then fol- 
lowed, with use of the appropriate saturation blank and oxygen capacity 
for each set. 

Aside from obvious sources of error, such as inaccuracies in mixing blood 
and saponin solution, the most serious error results from failure to obtain 
satisfactory hemolysis. Before reading, all samples must be inspected for 
clarity by transmitted light. The clarity of solutions will vary some- 
what from subject to subject, depending upon the plasma, but in general 
the spiral filament of a pocket flashlight should be clearly visible through 
the hemolyzed blood in the cuvette. Old solutions of saponin may give 
irregular hemolysis. No difficulty has been encountered in the use of 
Eastman Kodak saponin freshly made up every other day. 

We have had no experience with highly turbid bloods, such as those 
from subjects with leucemia or pathological lipemia. 

In the process of hemolysis, it is essential to mix blood and saponin 
solutions thoroughly immediately after they are brought together. If 
the solutions are allowed to layer and stand, a protein precipate will form 
in short order at the interface between the blood and the hypertonic 
saponin solution. We have found no measurable effect for a period of 1 
minute, but by 5 minutes a significant cloudiness will develop. All 
bloods should be hemolyzed together and the densities determined within 
30 minutes after hemolysis. Although density differences may be stable 
for several hours, samples may begin to show significant changes within 
40 minutes after hemolysis. With unneutralized saponin, which yields 
blood saponin mixtures having a pH in the range of 6.2 to 6.5, the color 
is less stable. Blood samples with a hemoglobin near the normal range 
will, however, give the same immediate readings with neutralized or un- 
neutralized saponin. For bloods with a hemoglobin content below 8 gm. 
per cent we have used neutralized 15 per cent saponin solution. 


Verification of Method 


In order to determine the increment in optical density for a given change 
in oxygen content of the sample, the following procedure was adopted. 
90 to 100 cc. of human blood were drawn from an antecubital vein into 
an oiled syringe containing enough heparin solution to fill the dead space. 
Mercury was added to assist in mixing. A portion of the blood was 
saturated in air. The oxygen contents of the saturated and partially 
reduced bloods were determined by the method of Van Slyke and Neill 
(2). Analyses were done in duplicate and were required to check within 
0.1 volume per cent. Several mixtures of these bloods containing graded 
quantities of the oxygenated and partially reduced components were 
made in oiled 10 cc. syringes of the Luer-Lok type. It was found con- 
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TaBLe I 
Determination of Arteriovenous Blood Oxygen Differences 














| Optical 
Oxygen density* 
Subject No:| Oeyees, | dideence, | diernce at 
(sample) (sample) — 
(saturated) | 
vol. per cent | vol. per cent | 

1 20.04 | 0.82 | 0.085 
| 12.63 0.194 

| 2.45 0.270 

i oa 0.363 

4.08 0.495 

4.90 0.603 

5.71 0.704 

8.17 0.982 

2 18.78 1.52 0.190 
4.55 0.560 

6.06 0.718 

7.58 0.956 

| 9.10 1.135 
15.16 2.010 

3 17.40 1.15 0.130 
2.29 0.258 

3.44 0.429 

4.58 0.555 

5.73 0.728 

11.46 1.457 

4 | 19.78 1.47 0.151 
2.94 0.300 

4.42 0.520 

5.89 0.630 

7.36 0.858 

| 14.73 1.780 

& | 17.12 0.66 0.033 
1.32 0.114 

1.98 0.203 

2.65 0.285 

3.31 0.368 

6.62 0.802 
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Regression curve, oxygen difference = 7.76 (optical density difference) + 0.36. 


Standard deviation from regression, 0.23 volume per cent. 
* Depth = 0.5 em. 
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venient first to place the desired quantity of saturated blood in the mixture 
syringe, carefully expel air bubbles, and then to add the reduced blood. 
This was done by injecting through a rubber membrane, as described 
above. In this way four to six intermediate mixtures were prepared from 
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the two samples on which gasometric analyses had been done. The oxygen 
contents of the mixtures were calculated from the proportions of their 
components. All bloods were then hemolyzed in the manner already 
described. ‘The saturated sample was used as a blank against which the 
density of the other samples was read. The data so obtained on 56 
original samples and mixtures from nine subjects are presented in Table I. 
The regression curve calculated from these data together with the in- 
dividual points appears in Fig. 1. If Y represents difference in oxygen 
content in volumes per cent between a saturated sample and any other 








4 
al y Y*7.76X + 0.36 


BLOOD OXYGEN DIFFERENCE (Vol%) 
. = oe 





©6200 400 600 B00 100 120 140 160 180 200 


OPTICAL DENSITY DIFFERENCE 


Fic. 1. Each point represents the difference between a partially reduced and a 
saturated blood sample from a given subject. Oxygen differences are expressed in 
volumes per cent and were determined on a gasometric basis (see the text). Optical 
density differences are as read directly from the spectrophotometer at 660 my, the 
saturated sample being used asa blank. There are 56 determinations, representing 


all data from nine consecutive subjects. The standard deviation from regression is 
0.23 volume per cent. 





sample from the same subject, and X represents the optical density as 
read on the machine, the equation for the regression line becomes Y = 
7.76X + 0.36. The standard deviation from regression is 0.23 volume 
per cent. Since one is dealing with the difference in oxygen content of 
two samples, a maximum variation of 0.2 volume per cent would be ex- 
pected if the individual samples were analyzed gasometrically in duplicate 
with checks to 0.1 volume per cent. 

This agreement with the gasometric method for arteriovenous differ- 
ences is considered satisfactorily close, particularly in view of the possi- 
bilities for error in the verifying procedure described above. These 
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include inaccuracies in mixing,’ addition of oxygen dissolved in the 
saponin solution,‘ and possible changes in total and inactive hemoglobin 
during the saturation procedure. Prior to hemolysis, blood was stored 
in ice for periods up to 4 hours. All readings were completed within 
30 minutes after hemolysis. 

It will be noted that the line in Fig. 1 does not pass through the origin, 
but intercepts the ordinate at a height of 0.36 volume per cent. This 
is apparently the effect of physically dissolved oxygen which is present 
to a greater extent in the saturated sample than in others and which 
affects the gasometrically determined oxygen differences but not the 
optical densities. If the saturation values are neglected and oxygen 
differences and optical density differences are measured with reference to 
the prepared mixtures having the greatest oxygen contents (0.7 to 1.5 vol- 
umes per cent below capacity), the calculated regression line has the 
formula, Y = 7.80X + 0.14. The result agrees with the expectation 
that dissolved oxygen should exert less effect when the saturated samples 
are not used. 


DISCUSSION 


As described above, the method has been in routine use for several 
months in this laboratory for the determination of blood oxygen con- 
tents and arteriovenous differences. This period has covered some- 
what more than 300 blood oxygen determinations. In analyzing multiple 
blood samples the method in our hands has been 5 to 6 times as fast as 
conventional gasometric procedures. 

Of particular interest is the finding that determinations by this method 
have shown remarkable constancy in per cent oxygen saturation of arterial 
samples successively drawn from resting normal subjects over a period 
of 1 to 2 hours. In our experience fluctuations in this measurement 
in normal subjects are occasionally seen with gasometric techniques 
and usually indicate technical difficulties. 

It should be emphasized that the method depends upon measuring 
optical density differences between blood samples having the same hemo- 
globin concentration. 

The hemoglobin concentration of normal subjects can undergo very 
significant changes within a few hours in the course of ordinary daily 
activities (17). It can be altered markedly in a brief time by changes 


3 A few calibrations have indicated that the volume marks on Becton, Dickinson 
Luer-Lok syringes are sufficiently accurate for the present purpose. 

4 Analysis of the saponin solution has yielded values of approximately 0.4 volume 
per cent of oxygen. The effect of this quantity, mixed with 5 times its volume of 
blood and added to all the samples, has been neglected. 
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in body position and by exercise (18). It may be affected by drugs, 
such as epinephrine. It varies with local factors, such as venous stasis. 
In using the method these variations must be kept in mind. When the 
hemoglobin concentration changes, a fresh sample for saturation must 
be taken, together with the samples on which oxygen contents are to be 
determined. Similarly, arteriovenous differences can be determined 
directly only by comparing samples which have the same hemoglobin 
concentration. 

In adopting such a method, it is apparent that the factors for one’s 
own spectrophotometer as well as the general technique should be checked 
by gasometric analysis. 


SUMMARY 


1. A spectrophotometric method is described for the determination of 
arteriovenous blood oxygen differences and the estimation of blood oxygen 
contents. 

2. The accuracy is satisfactory for most purposes. In determination 
of arteriovenous differences which have been checked by gasometric 
analysis, the method has yielded a standard deviation from regression 
of 0.28 volume per cent. 

3. The advantage of the method lies in the speed with which multiple 
samples can be handled. 
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